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It is well established that healthy nutrition and physical activity (PA) are key lifestyle factors that
modulate lifelong health through their ability to improve body composition, musculoskeletal health,
and physical and cognitive performance, as well as to prevent metabolic diseases including obesity,
diabetes mellitus, and cardiovascular disease across the lifespan. While the health benefits of nutrition
and PA are often studied singularly, it has become more and more evident that the integration of
nutrition and PA has the potential to produce greater benefits when compared to strategies focusing
solely on one or the other. This Special Issue entitled “Integrated Role of Nutrition and Physical
Activity for Lifelong Health” is devoted to manuscripts that highlight this integrational approach on
various outcomes related to lifelong health. In response to our call, a total of 14 manuscripts were
included. In addition to research focusing on the integrated benefits of nutrition and PA on various
markers related to health and performance across a broad spectrum of life stages, several studies
examining how PA has the potential to change food consumption were also included.
The featured article by Gustafson et al. reports that food choices are altered in the context of
exercise. In this experiment, gym goers were asked to choose between a healthy and unhealthy
snack to be consumed after completion of their exercise. Compared to when this choice was made
prior to exercise, individuals after completing exercise were less likely to choose a healthy snack and
instead chose the unhealthy option [1]. This possibly unhealthy impact of sport participation on
food choices was extended in another study by Koenigstorfer, although participation was limited
to passive viewership in this instance. Regardless, visits to sporting events were associated with an
increased preference for unhealthy food items, although it was notable that a similar increase was
also observed for some non-sport related venues, such as music concerts [2]. In a study focusing on
the health effects of dietary choices in the context of an exercising population, Wirnizter et al. report
that vegetarian and vegan athletes exhibited lower body weights and vegetarian athletes reported
a lower prevalence of allergies when compared to their omnivore counterparts, while many other
health-related outcomes were similar. These findings suggest that adherence to a vegetarian or even
vegan diet is not detrimental to the health of endurance athletes [3].
Two studies [4,5] examine the role of diet and PA on health-related parameters in youth. Drenowatz
et al. show that healthy dietary choices and sports participation are independently associated with
motor competence, which is an important contributor to an active and healthy lifestyle [6,7]. Meng
et al. report beneficial effects of an education-based obesity prevention program on dietary intake
in adolescents. This study also highlights the importance of club sports participation, as PA levels
were higher during the sport season compared to the off-season [5]. The promotion of leisure time PA
outside-specific club settings thus remains a critical component for future research.
The importance of an active and healthy lifestyle is also shown by Van Elten et al. who examine
the sustainability of a diet and PA intervention on cardiometabolic health in women. Even though a
potential effect of snack intake on insulin resistance 3 to 8 years after the intervention was shown, the
Nutrients 2019, 11, 1437; doi:10.3390/nu11071437 www.mdpi.com/journal/nutrients1
Nutrients 2019, 11, 1437
results emphasize the importance of current lifestyle choices for cardio-metabolic health. In order to
achieve sustainable lifestyle changes, prolonged engagement in the intervention may be necessary [8].
A review by Balan et al. further emphasizes the importance of PA and diet to counteract age-related
diseases by showing beneficial effects of fiber and unsaturated lipids on telomere health. While the
authors acknowledge that more research is needed, they also suggest a protective effect of PA on
telomere maintenance, which contributes to health in old age [9].
Given the importance of healthy lifestyle choices, a key question remains on how to promote
healthy dietary choices and PA among a broad population. Electronic health (Ehealth) approaches
could provide economically feasible opportunities—Doorn-van-Atten et al. examine the efficacy of an
eHealth intervention in older adults, who are commonly less receptive to technology-based intervention
strategies. Their results indicate beneficial effects of PA self-monitoring along with educational materials
on lifestyle choices [10]. Educational materials were also shown to improve self-efficacy to engage in
PA and consume a healthy diet in women as well as to provide growth-promoting animal protein to
their stunted offspring [11].
In addition to the improvement of health outcomes, three articles address the role of nutrition
and PA in modulating inflammation, which is associated with chronic disease and aging. When
comparing elderly individuals across the PA spectrum, Ferrer et al. report that active individuals
not only exhibited improved body composition but also improved blood profiles of inflammatory
and anti-inflammatory markers [12]. These findings are strongly supported by Draganidis et al. who
compared elderly individuals with low vs. high levels of systemic inflammation and found that low
systemic inflammation is associated with greater levels of PA, particularly moderate-to-vigorous PA as
well as increased antioxidant intake [13]. Although inflammation was not found to be significantly
affected in a study assessing the impact of a purified vegan diet in exercising rats, this diet—especially
when combined with an exercise regimen—was associated with improved body composition, metabolic
markers, and physical performance [14].
Another topic in the area of exercise nutrition that is heavily debated involves protein requirements
for exercisers. Isenmann et al. demonstrate the importance of adequate protein and carbohydrate
intake from foodstuffs following an exercise bout for the facilitation of muscle regeneration while
minimizing the inflammatory response [15]. Reckmann et al. present a novel method for quantifying
exogenous protein oxidation using a breath test. While their findings failed to show alterations in
whole-body metabolism in response to short-term fluctuations in protein intake, their data suggest that
there is large inter-individual variability in response to protein-restricted diets. Accordingly, further
research is needed to clarify the influence of dietary choices and nutrient intake on protein metabolism
in active populations [16].
Taken together, the research presented in this Special Issue supports the previously emphasized
role of integrating diet and PA on general health and well-being across the lifespan. A key issue for
future research, therefore, will be the implementation of intervention strategies that promote an active
and healthy lifestyle along with the exploration of the specific mechanisms that explain the individual
and combined contribution of PA and nutrition to various health outcomes, including cardiovascular
and metabolic diseases as well as orthopedic problems and depression.
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Abstract: Physical performance and regeneration after exercise is enhanced by the ingestion of
proteins and carbohydrates. These nutrients are generally consumed by athletes via whey protein
and glucose-based shakes. In this study, effects of protein and carbohydrate on skeletal muscle
regeneration, given either by shake or by a meal, were compared. 35 subjects performed a 10 km run.
After exercise, they ingested nothing (control), a protein/glucose shake (shake) or a combination of
white bread and sour milk cheese (food) in a randomized cross over design. Serum glucose (n = 35),
serum insulin (n = 35), serum creatine kinase (n = 15) and myoglobin (n = 15), hematologic parameters,
cortisol (n = 35), inflammation markers (n = 27) and leg strength (n = 15) as a functional marker were
measured. Insulin secretion was significantly stimulated by shake and food. In contrast, only shake
resulted in an increase of blood glucose. Food resulted in a decrease of pro, and stimulation of
anti-inflammatory serum markers. The exercise induced skeletal muscle damage, indicated by serum
creatine kinase and myoglobin, and exercise induced loss of leg strength was decreased by shake
and food. Our data indicate that uptake of protein and carbohydrate by shake or food reduces
exercise induced skeletal muscle damage and has pro-regenerative effects.
Keywords: endurance exercise; skeletal muscle damage; inflammation; protein; carbohydrates;
protein shake; food
1. Introduction
Consumption of proteins and carbohydrates after exercise via whey protein and glucose shakes is
a common strategy for the enhancement of regeneration and physical performance after training [1].
There are reports that isolated amino acids, mainly leucine, can increase strength after exercise and
result in a stimulation of the recovery of skeletal muscle after exercise [2]. Damage of muscle fibers by
physical activity modulates protein synthesis, but simultaneously protein degradation [3]. Disturbance
of the balance of muscle fiber degradation and synthesis leads to fiber degeneration and muscle
atrophy, reduction of strength, and increase in muscle soreness [4,5].
Molecular mechanisms involved in muscle recovery include a modulation of protein synthesis
and protein breakdown [6], an inhibition of the inflammatory response, and the activation of satellite
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cells [7]. Modulation of the balance of protein breakdown and protein synthesis is an important
mechanism in skeletal muscle recovery and adaptation after exercise. It has been demonstrated
that muscle protein breakdown rates are elevated in the days following resistance exercise [8].
In mouse knock out models, the inhibition of muscle protein breakdown impairs muscle recovery [9].
Some authors claim that modulation of protein breakdown is an important mechanism in muscle
recovery in the period immediately after muscle damage [10]. In contrast, the stimulation of protein
synthesis seems to be important for long term regeneration and hypertrophy. Therefore, all strategies
affecting the balance between protein breakdown and synthesis in the period after damage will directly
influence skeletal muscle recovery.
Protein metabolism in skeletal muscle has been shown to be stimulated by an ingestion of dietary
proteins [11,12]. Whey protein supplementation results in a high availability of amino acids within
the blood [13]. However, there are conflicting data about the effects of protein supplementation on
physiological markers related to muscle recovery, like muscle strength, muscle soreness and serum
creatine kinase (CK) concentrations after exercise [14,15]. These conflicting data are mainly caused
by variables in the different studies. These variables include different amounts of nutritional feeding,
timing, habitual food intake and type of exercise, volume of exercise, recovery measurements, and the
timing of recovery measurement [16].
Apart from protein shakes, carbohydrate shakes are also frequently consumed to stimulate
recovery after physical activity, containing protein/carbohydrates combinations. These drinks are
recommended by the manufacturing companies to be ingested immediately after exercise, in order
to have the most effective pro-regenerative effect. Research on this subject shows highly conflicting
results. Some studies demonstrate that adding protein to carbohydrates improves the process of the
recovery of endurance performance [17–21]. Others, focusing on the modulating of protein breakdown
and synthesis, provide no evidence that carbohydrates increase exercise-induced protein secretion
versus protein alone [22].
Mechanistically, it is believed that, beside the compensation of carbohydrate loss during exercise,
carbohydrates also activate molecular mechanisms related to pro-regenerative effects. Here, insulin
is claimed to be an important factor. It has been shown that a protein/carbohydrate combination
leads to a higher increase in blood sugar and insulin concentration than just carbohydrate intake [23].
The molecular mechanism as to how proteins stimulate insulin secretion is unknown so far [24].
It also has been demonstrated that the amount of glycogen storage in skeletal muscle is higher with
protein/carbohydrate combinations than with carbohydrates alone [23]. It is discussed that any uptake
of carbohydrates immediately after exercise results in a strong increase of serum insulin, followed by a
strong decrease of blood glucose. Binding of insulin to IGF-1 receptors should result in the activation of
skeletal muscle specific signal transduction pathways, and via mTOR (Rapamycin), it should also result
in a stimulation of protein synthesis in skeletal muscle [25,26]. Moreover, increasing insulin secretion
also should stimulate amino acid uptake in skeletal muscle cells [26]. However, other investigations
demonstrate that insulin does not stimulate muscle protein synthesis under physiological conditions
in humans. It is very likely that the experimental design will have a huge impact on the results of
the studies.
Beside ingestion of isolated amino acids, effects of protein/carbohydrate combinations on skeletal
muscle could also be observed after the uptake of food containing protein and carbohydrates in
a ratio of 70% to 30% [27]. In previous studies, we could observe pro-regenerative effects on the
skeletal muscle after exercise, by eating combinations of dairy products and white bread [28]. Based
on these observations, we concluded that eating food containing suitable concentrations of protein
and carbohydrates may be an alternative strategy to promote skeletal muscle regeneration after
exercise. Therefore, the aim of this follow up study was to compare the pro-regenerative effects of
any protein/carbohydrate shake on the recovery of skeletal muscle after endurance exercise, with the
ingestion of similar amounts of protein/carbohydrate combinations by eating a nearly iso-caloric meal.
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Our hypothesis was that providing proteins/carbohydrate combinations will result in
pro-regenerative effects, independent as to whether it was given by a shake or by eating a meal.
Therefore, 35 nonspecifically trained subjects consumed either a whey protein/glucose shake, or a meal
of white bread and sour milk cheese directly after endurance exercise. The following mechanistic read
outs were determined: Serum glucose and serum insulin, serum creatine kinase (CK) and myoglobin
(Myo) as muscle damage markers, hematologic parameters, cortisol, serum levels of the inflammation
markers interleukin 6 (IL 6) and 10 (IL 10), as well as the macrophage migration inhibitory factor (MIF).
In addition, leg strength as a functional marker for skeletal muscle regeneration was measured.
2. Methods
2.1. Participants
The study protocol has been approved by the local ethics committee (German Sports University,
Cologne) and is in accord with the Declaration of Helsinki. It is registered in the German Clinical Trials
Register under the title NUPROMU, and under the registration number DRKS-ID: DRKS00013359.
All participants provided written informed consent prior to their participation. The study
excluded subjects who were currently taking any dietary supplements, sports drinks or functional
food intended to enhance performance, or had taken any of these in the previous month. Moreover,
subjects with known hypersensitivity to any of the constituents of the products under study (milk
protein or lactose), were excluded. Throughout the study, subjects maintained their usual training
routines and diets. Based on a statistical power analysis a total of 35 male participants (age:
23.2 ± 2.3 years; height: 181.5 ± 6 cm; weight: 77.9 ± 8.4 kg; mean ± standard deviation) were
recruited for the study. Power was calculated with the program G *power (University of Düsseldorf,
(Heinrich-Heine-Universität Düsseldorf (HHU)), Germany) based on effect sizes measured for the
biological endpoints creatine kinase (CK) IL6 and IL10 in our pilot study [28]. Power analysis revealed
that a number of 15 participants would be sufficient. Nevertheless, the group size was doubled,
because additional parameters not measured in the pilot study were included. All participants were
healthy and free of injury in the time period preceding the study. They were not specifically endurance
trained, but they were physically active sports students. Anthropomorphic characteristics of the
participants are indicated in Table 1.
Table 1. Compositions and calories of the standardized breakfast.
Carbohydrates (g) Protein (g) Fat (g) Calories (kcal)
30 g Cornflakes 25.2 2.1 0.3 111.9
250 mL milk (1.5% fat) 12.0 8.5 3.8 116.2
One banana (100 g) 27.4 1.3 0.4 118.4
Sum 64.6 11.9 4.5 346.5
2.2. Experimental Procedure
The aim of this study was to investigate the beneficial effects of a co-ingestion of protein and
carbohydrate from a traditional food source in amateur sportsmen. For this purpose, 35 non-specific
endurance trained male subjects performed a 10 km run with an intensity at 80% of their individual
anaerobic threshold (IAT). Intensity was chosen based on previous investigations, demonstrating that
80% IAT and a distance of 10 km is a sufficient load for nonspecific endurance trained subjects to
increase their serum CK [29]. The IAT was determined using an incremental field test with lactate
determination according to a standard protocol [30]. Participants started with a speed of 2.5 m/s and
distance of 800 m. After each successful termination of load level, the speed was increased by 0.5 m/s.
The load duration was always between 5–6 min. Between the speed levels, 5 μL of capillary blood was
taken from all participants. If a load level could not be successfully passed, the test was terminated.
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The anaerobic threshold was used to calculate the meters per second and the resulting lap time
in a track and field stadium (400 m lap length) for the 10 km run. Between the field test and the
first investigation a wash out period of three weeks was used. Before running, the individuals were
randomly divided into three intervention conditions—control, shake or food. Through a crossover
design, each subject participated in each condition. However, the order was given after the first
random assignment—control, shake, food.
Between the respective interventions there was a minimum wash out period of three weeks.
The experimental design of the procedure at the intervention days is shown in Figure 1.
Figure 1. Experimental design of the study. IAT = individual anaerobic threshold. 3RM = leg strength.
Blood samples were determined for different time points (Figure 1). In the morning, blood sample
t0 was collected from the overnight fasted participants. Leg strength was tested by maximum three
repetitions in back squat (3-RM BS) followed by s a defined small breakfast (Table 1).
30 min after breakfast, all participants started with the 10 km run with 80% of IAT. Immediately
after exercise, subjects ingested either nothing (control), a combination of carbohydrates by eating
white bread (35.3 g) and 100 g of a sour milk cheese high in protein (36.1 g) but very low in fat
(3.5 g)(Loose GmbH, Leppersdorf, Germany), or by drinking a whey protein (52 g)/glucose (45 g) shake.
The composition of the shake used was taken from a published study [21] where effects regarding
skeletal muscle regeneration have already been demonstrated. It serves as a standard. The nutritional
values of the foodstuffs used in each intervention are shown in Table 2. As a consequence of using
whole foods, it is not possible to match the macronutrient content of the shake and foods exactly.
Whole foods, like dairy products, usually contain fat. Nevertheless, we have opted for low-fat protein
and carbohydrate sources as indicated in Table 2. In addition we have tried as accurately as possible
to be isocaloric. For practical reasons our participants got the food as a sandwich composed of two
slices of white bread, and 100g of sour milk cheese. So, we differed from the shake with regard to the
calories around 17% (Table 2).
Table 2. Compositions and calories of protein/carbohydrate interventions.
Carbohydrates (g) Protein (g) Fat (g) Calories (kcal)
Food 76 g white bread and 100 g sour milk cheese 35.3 36.1 3.5 321
Shake 45 g Glucose52 g Whey protein 45 52 0 386
Immediately after ingestion, blood samples were determined at t1 (directly after exercise),
followed by t.1.1 (+20 min after exercise), t1.2. (+40 min), t2 (+60 min), t3 (+120 h), t4 (+180 h) and t5
(+22 h). During the testing period, starting 12 h before exercise and 24 h after exercise, all participants
were kept under a standardized nutrition to exclude additional effects by nutrition. All food for this
36 h period was provided to them.
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12 h before exercise participants had a standardized dinner—spaghetti with tomato sauce (377 kcal,
15 g protein, 2.5 g fat, 72 g carbohydrates), and fasted until the standardized breakfast the next day.
On the intervention day, participants were not allowed to eat until 3 h after exercise (t4; +180 min)
except the provided nutritional compositions. After t4 they were allowed to eat the food provided in
a period of 5 h after exercise until 8 pm. After 8 pm on the exercise day, participants fasted until the
next day, when they were given the standardized breakfast. The standardized 24 h nutrition at the
intervention day was calculated to fulfill all daily requirements regarding macro- and micronutrients,
and provide sufficient calories.
Including the nutritive intervention, participants consumed a total of 3000 kcal a day. Daily
macronutrient content was 146 g protein, 77 g fat and 411 g carbohydrates. Participants were allowed
to drink water ad libitum.
3. Measurements
3.1. Determination of Serum Glucose and Serum Insulin
Samples were analyzed for glucose by oxidase method (COBAS Mira Plus; Roche Diagnostic
Systems, Rotkreuz, Switzerland) and insulin by EIA (ALPCO diagnostics 1–2-3 Human Insulin EIA,
Windham, NH, USA). Both serum concentrations were measured at all time points.
3.2. Determination of Serum Cortisol
Serum Cortisol concentrations were determined using the COBAS Mira Plus system (Roche
Diagnostic Systems by ElectroChemiLumineszenz ImmunoAssay, ECLIA Rotkreuz, Switzerland).
The serum cortisol concentration was measured at the time points t0, t1 (directly after exercise),
t2 (+60 min), t3 (+120 min), t4 (+180 min) and t5 (+22 h).
3.3. Hematology
Blood samples were analyzed for routine CBC including total WBC count and differential for WBC
sub fractions using a BC2300 hematology analyzer (Mindray Medical International Systems, Shenzhen,
Peoples’ Republic of China). The Hematology parameters were determined at t0, t4 (+180 min) and
t5 (+22 h).
3.4. Skeletal Muscle Creatine Kinase (CK mm) and Myoglobin (Myo)
Skeletal muscle specific creatine kinase activity (CKmm) and myoglobin (Myo) concentrations in
the serum were determined using the COBAS h 232 Point-of-Care-System (Roche Diagnostic Systems,
Rotkreuz, Switzerland) at t0 and t5 (+22 h).
3.5. Serum Cytokine Levels
IL-6 concentrations of serum samples were analyzed using the Human IL-6 ELISA Kit High.
Sensitivity (Abcam, Cambridge, UK). IL10 serum concentrations were analyzed using a human IL-10.
ELISA Kit (Abcam, Cambridge, UK). MIF serum concentrations were analyzed using a human MIF.
ELISA Kit (Abcam, Cambridge, UK). Cytokine concentrations were determined at t0 and t5.
3.6. Leg Strength—3-RM Back Squat
The strength test was performed t0 and t5 (+22 h). The strength protocol is based on the guidelines
of NSCA [31]. All subjects performed three warm-up sets and started at 50% of their planned maximum
power with 10 repetitions. In the following warm-up sets, the weight was increased by about 10–20%
and the repetition number reduced to five and three repetitions. This was followed by four 3-RM
tests, starting with about 90% of the planned 3-RM. Between the sets a four-minute break was taken.
The subsequent increases were made individually. If a load level was not successfully mastered twice
in succession, the test was stopped.
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3.7. Statistical Analyses
Quantitative variables were presented as mean values and standard deviations (SD).
All measurement parameters were tested for the Normal Distribution. As a result, the Wilcoxon
sign rank test (repeated measurement) and the Kruskal-Wallis test were used for Myo, CK, IL6, IL10,
glucose and insulin. For MIF and 3-RM BS, a 2-way Analysis of Variance (ANOVA) with time and
condition effects, and a dependent (Student’s) t-test, were used. The current version of SPSS (IBM SPSS
Statistics 25.0, Ehningen, Germany) was used for statistical analysis, and p < 0.05 was taken as the level
of statistical significance for all procedures. The images were created using GraphPad PRISM software
(GraphPad Software, Inc. La Jolla, CA, USA).
4. Results
4.1. Effects of Exercise and Protein/Carbohydrate on Blood Glucose and Insulin Concentrations
It has been shown that the consumption of protein/carbohydrate combinations after exercise
influences the blood sugar and insulin response, which is discussed to improve regeneration.
In Figure 2A, showing mean serum glucose concentrations of all participants (n = 35), a significant
increase of serum glucose compared to t0 is detectable in the control and the shake condition at t1.1
(+20 min). A significant decrease compared to t0 is detectable in the shake condition and the food
condition at t2 (+60 min).
Figure 2. Effects of protein/carbohydrate uptake via food and shake, immediately after exercise,
on serum glucose and serum insulin serum concentrations. Left: Mean serum blood glucose
concentrations of all participants. All data are expressed as mean ± SD. * = p ≤ 0.05. Statistically
significant differences between marked time points and respective t0 value are observed. Right: Serum
insulin concentrations of all participants (Mean ± SD). * = p ≤ 0.01 show statistically significant
differences between marked time point and respective t0 value in each condition.
In Figure 2B, mean serum insulin concentrations of all participants are shown. A significant
increase of serum insulin compared to t0 is detectable in the food and the shake condition at
t1.1 (+20 min), t1.2 (+40 min), t2 (+60 min) and t3 (+120 min).
4.2. Effects of Exercise and Protein/Carbohydrate on Hematopoietic Parameters
In agreement with published data [32] a significant decrease in the total leucocyte number in
conditions could be observed 3 h (t4; +180 min) after exercise. This effect was not affected by any
nutritive intervention (data not shown). After 24h (t5; +22 h), the total leucocyte number was again
on the baseline in each condition. All other investigate hematopoietic parameters remained also
unaffected by exercises and the nutritive intervention (data not shown).
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4.3. Effects of Exercise and Protein/Carbohydrate on Blood Cortisol Levels
Serum Cortisol levels in athletes have been demonstrated to be influenced by physical activity
and nutrition [33]. Figure 3 shows mean cortisol serum concentrations from all participants. The well
described circadian rhythm of cortisol could be observed in all intervention conditions. Neither
physical activity nor the nutritive interventions resulted in significant effects.
 
Figure 3. Effects of protein/carbohydrate uptake via food or shake, immediately after exercise,
on serum cortisol concentrations. Mean serum cortisol concentrations of all participants. Mean ± SD.
p ≤ 0.05 show statistically significant differences between marked group and respective t0 value.
4.4. Effects of Exercise and Protein/Carbohydrate on Markers of Inflammation
Skeletal muscle damage results in an induction of inflammation. Interleukin 6 (IL 6), Interleukin
10 (IL 10), and Macrophage migration inhibitory factor (MIF) in the serum at the time point’s t0 and t4
(+180 min) were measured after exercise as markers for inflammation.
MIF serum levels (n = 18) were significantly increased in all conditions, however, in the food and
shake conditions, the increase was significantly lower, compared to the control. (Figure 4A) IL 6 serum
levels (n = 27) were significantly increased by exercise (Figure 4B). No significant differences could
be observed between the shake and the food condition. Il10 serum levels (n = 28) were significantly
increased in all conditions after exercise; however, the increase in the shake and food condition was
significantly higher (Figure 4C).
Figure 4. Effects of protein/carbohydrate uptake via food and shake, immediately after exercise,
on serum levels of MIF (A) IL 6 (B) IL 10 (C) and 3h after exercise (t4; +180 min)). Shown are mean
individual serum concentrations of the respective cytokines (A, B, C). Shown is mean ± SD. * = p ≤ 0.05,
statistically significant differences between marked time point and respective t0 value. + = p ≤ 0.05
show statistically significant differences between marked groups.
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4.5. Effects of Exercise and Protein/Carbohydrate on Serum Markers for Skeletal Muscle Damage
Skeletal muscle creatine kinase (CKmm) and myoglobin (Myo) are markers for skeletal muscle
damage. Figure 5A shows the mean absolute Myo serum concentrations (n = 15) and Figure 5B shows
the mean absolute of CKmm (n = 15).
(A) (B) 
Figure 5. Effects of protein/carbohydrate uptake via food and shake on serum creatine kinase (CK)
and myoglobin (Myo) concentrations, immediately after exercise, and 24 h after exercise. Shown are
mean individual serum concentrations Myo (A) and CK (B). Mean of all individuals ± SD. * = p ≤ 0.05
shows statistically significant differences between marked time point and respective t0 value. + = p ≤
0.05 show statistically significant differences between marked groups.
Exercise in the control condition resulted in a significant increase of CKmm and Myo in the blood
at t5 (+22 h). In the shake but also in the food condition exercise induced increase of skeletal muscle
damage markers and was significantly lower compared to the control.
4.6. Effects of Exercise and Protein/Carbohydrate on Leg Strength as a Functional Marker for Skeletal
Muscle Regeneration
We postulated that a better regeneration after endurance exercise will result in a lower loss of
muscle strength (n = 15). As a functional approach for leg strength the 3-repetition maximum back
squat was used. As seen in Figure 6, the uptake of protein/carbohydrate resulted in no significant loss
of leg strength after endurance exercise. Only in the control condition did endurance exercise resulte
in significantly lower leg strength at t5 (+22 h) after exercise.
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Figure 6. Effects of protein/carbohydrate uptake via food and shake on leg strength measured by the
3-repetition maximum back squat. In Figure 6 individual leg strength is shown Mean ± SD. * = p ≤
0.01 show statistically significant differences between t5 and respective t0 value.
5. Discussion
In the present study, we compared pro-regenerative effects of protein and carbohydrates
administration on the skeletal muscle regeneration after exercise, given either by shake or by a
standardized meal. Pro-regenerative effects of protein/carbohydrate combinations after endurance
exercise have been described and mechanistically linked to a stimulation of insulin secretion [21].
Therefore, in this investigation blood glucose levels and insulin levels were measured at different time
points after exercise and subsequent protein/carbohydrate ingestion.
It was clearly visible that exercise results in an increase of blood glucose concentrations 20 min
after exercise termination. This is in agreement to our previous investigations [28] and confirms
observations that moderate exercise increases blood glucose concentrations in healthy non-diabetic
persons when a required exercise volume is achieved [34]. As expected, blood glucose concentration
after administration of the shake extended a maximum 40 min after ingestion. In contrast, after food
administration, no significant increase of blood glucose concentration could be observed, although
a comparable amount of carbohydrates was ingested (Table 2). Both shake and also food ingestion
resulted in a significant increase of insulin serum concentration, starting 20 min after exercise/ingestion,
and reaching a maximum after 40 min. The increase of insulin in the food condition is lower,
compared to a shake, which could be explained by the lower content of total carbohydrates (35 g
compared to 45 g in the shake condition). Nevertheless, the kinetics of insulin in both conditions is
absolutely comparable.
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A possible explanation for the missing increase of blood sugar levels in the food condition may
be the direct uptake of the resorbed sugars in the skeletal muscle and the liver. In the shake condition,
same mechanisms may be relevant, but the faster and higher load of glucose could not be compensated
completely. In general, our observation is supported by data demonstrating that, combining protein
and carbohydrate increases insulin levels, but does not improve glucose response [35]. Our observation
is also in line with published data, showing that the uptake of specific amounts of carbohydrates results
in a much stronger stimulation of insulin secretion when they are combined with proteins [17,21].
Hematopoietic factors and cortisol serum concentrations were not affected in our study by any
ingestion of carbohydrates and proteins, but the response of pro- and anti-inflammatory serum markers
to exercise was strongly influenced. Here it has to be mentioned that the role of inflammation in
the skeletal muscle’s adaptation to exercise is complex. Acute inflammatory response to exercise
seems to promote skeletal muscle training adaptation and regeneration. In contrast, persistent,
low-grade inflammation, as seen in a multitude of chronic diseases, is obviously detrimental [36]. Acute
exercise has been described to induce an inflammatory response in the skeletal muscle. This can be
detected by changes in the serum concentrations of inflammation-related cytokines [37,38]. Strenuous
exercise results in changed serum concentrations of pro-inflammatory and anti-inflammatory cytokines
like TNF alpha, IL-1, IL-6, IL-1 receptor antagonist, TNF receptors, IL-10, IL-8 and macrophage
inflammatory protein-1 [38]. Increase of pro- and anti-inflammatory cytokines has been also described
in animal models were skeletal muscle damage is induced by notoxin [39]. For these reasons
the circulating levels of the pro-inflammatory cytokines IL6, and MIF and the anti-inflammatory
cytokine IL10, were investigated 3 h after exercise in this study. We observed a significant increase
of the serum concentrations of the pro-inflammatory cytokines IL6 and MIF after exercise in the
control condition, which was significantly lower in both protein/carbohydrate conditions. In contrast,
the serum concentrations of the anti-inflammatory cytokine IL10 were even more increased after
exercise in both protein/carbohydrate conditions compared to the control condition. Remarkably,
the effects after ingestion of the proteins by shake and by food are quantitatively and qualitatively
comparable. These regulation patterns demonstrate that administration of protein/carbohydrate
after exercise reduces the excretion of pro-inflammatory cytokines, but increases the excretion
of anti-inflammatory proteins in the serum, which can be interpreted as an anti-inflammatory
effect. Indeed, in an animal model where muscle damage was induced by administration of
notoxin, accelerated skeletal muscle recovery correlated with increased IL10 expression and decreased
TNF-alpha expression in the respective skeleton muscles [39]. As our study demonstrated, while a
complete suppression of inflammation after exercise, e.g., after administration of glucocorticoids [40],
promotes catabolic effects in the skeletal muscle, a modulation of the inflammatory response can be
interpreted as an indication for pro-regenerative effects.
An important physiological endpoint investigated in this study was skeletal muscle damage
and post-exercise recovery. Some studies show no effects of proteins/carbohydrates ingestion on
skeletal muscle recovery [41] after exercise, while other investigations, however, have demonstrated a
reduced post-exercise muscle soreness [42] and lower plasma concentrations of Myo [43] and CK [44]
by administration of proteins/carbohydrates before, after, or during endurance exercise. Therefore,
in our investigation CKmm and Myo concentrations were measured time-dependently after exercise,
and a significant increase of the mean serum CK and Myo concentrations was detectable in the control
condition 22h after training. The increase was not detectable in both protein/carbohydrate conditions.
Our observation might be interpreted as an indication that skeletal muscle damage, induced by exercise,
is lower after the uptake of protein/carbohydrate combinations. This is in line with the observation
of Diel et al. [28] and previous described results [14]. Our data also indicate that administration of
protein/carbohydrate combinations by food was as effective as administration by shake.
This hypothesis is further supported by our functional regeneration marker, the measurement of
leg strength. The reduction of muscle strength especially after endurance training is well reported [45].
As molecular mechanisms for this reduction, reduced numbers of connective structures between actin
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and myosin filaments, and a reduced sensitivity for calcium, are discussed [46–48]. We postulate that
a better regeneration after endurance exercise will result in a lower loss of muscle strength. As a
functional approach, we have chosen the 3-repetition maximum back squat assay, which is believed to
be one of the most effective training approaches based on the interaction of several muscle groups in
the leg [49]. We found that the loss of leg strength after endurance is significantly lower in the nutritive
intervention conditions, compared to the control condition. This is an obvious functional indication
that uptake of protein/carbohydrate results in pro-regenerative effects. Again, food and shake are of
comparable effectiveness.
Our study has several limitations. One limitation is that the food and the shake in our study
do not match perfectly for macronutrient content and calories. However, for calories both groups
differ only by 17%. With respect to macronutrient content, a perfect match is not possible because
protein/carbohydrate shakes do not contain fat. Moreover, in our study, although there is no perfect
match, food is lower in calories, protein and glucose compared to shake, but nevertheless we could
observe comparable effects. Another limitation of our study is that important parameters related to
skeletal muscle recovery, protein synthesis and protein breakdown, were not investigated. These are of
course important endpoints which should be addressed in future studies and in a similar design.
Our study also has strength. As biological markers for skeletal muscle damage, we did not only
focus on CK. CK is highly debated as a suitable parameter [50]. Therefore we have also analyzed
Myo and used two independent markers for skeletal muscle damage in comparison. Looking for
effects on the immune response, we have investigated a panel of different cytokines, as well pro- and
anti-inflammatory ones. This also strengthens the interpretation of our results.
In summary, our results demonstrate that ingestion of protein and carbohydrate combinations by
a shake, but also by a nearly isocaloric meal immediately after endurance exercise, affects a variety
of physiological endpoints. In our study, uptake of protein and carbohydrate combinations by shake
and meal resulted in a strong increase of insulin serum concentrations of the participants. Moreover,
a modulation of any inflammatory response of the skeletal muscle towards exercise, indicated by
reduced concentrations of pro-inflammatory markers, and an increase in anti-inflammatory markers,
could be observed. The endurance training induced an increase of serum CKmm and Myo, markers
of skeletal muscle damage, and as a functional marker for regeneration, the loss of leg strength was
observed. All this could be antagonized by protein/carbohydrate combinations, given either by a
shake or a meal, respectively. Mechanistically our data provide evidence that a combined uptake of
protein and carbohydrates appears to reduce skeletal muscle damage after endurance exercise via
a modulation of the immune response of the skeletal muscle. Also, insulin seems to be involved in
initiation and mediation of the pro-regenerative effects. The most important part our observation is
that all these beneficial effects can be achieved, either by the ingestion of food containing sufficient
concentrations of carbohydrates and protein, or with the same efficiency as consuming a shake.
This finding demonstrates again that it is possible to develop concepts to support training by a suitable
diet without the need to consume nutrition supplements or isolated proteins.
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CKmm Creatine kinase skeletal muscle
Myo Myoglobin
IL 10 Interleukin 10
IL 6 Interleukin 6
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MIF Macrophage migration inhibitor factor
SD standard deviations
SEM standard error of the mean
TNF alpha Tumor necrosis receptor alpha
km kilometer
IGF 1 insulin like growth factor 1
mTOR mechanistic Target of Rapamycin
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Abstract: Protein oxidation may play a role in the balance between anabolism and catabolism.
We assessed the effect of a protein restricted diet on protein oxidation as a possible reflection of
whole body protein metabolism. Sixteen healthy males (23 ± 3 years) were instructed to use a
4-day isocaloric protein restricted diet (0.25 g protein/kg body weight/day). Their habitual dietary
intake was assessed by a 4-day food diary. After an overnight fast, a 30 g 13C-milk protein test
drink was administered, followed by 330 min breath sample collection. Protein oxidation was
measured by Isotope Ratio Mass Spectrometry. To assess actual change in protein intake from
24-h urea excretion, 24-h urine was collected. During the 4-day protein restricted diet, the urinary
urea:creatinine ratio decreased by 56 ± 9%, which is comparable to a protein intake of ~0.65 g
protein/kg body weight/day. After the protein restricted diet, 30.5 ± 7.3% of the 30 g 13C-milk
protein was oxidized over 330 min, compared to 31.5 ± 6.4% (NS) after the subject’s habitual diet
(1.3 ± 0.3 g protein/kg body weight/day). A large range in the effect of the diet on protein oxidation
(−43.2% vs. +44.0%) was observed. The residual standard deviation of the measurements was very
small (0.601 ± 0.167). This suggests that in healthy males, protein oxidation is unaffected after a
protein restricted diet. It is uncertain how important the role of fluctuations in short-term protein
oxidation is within whole body protein metabolism.
Keywords: Protein; oxidation; anabolic competence; breath test; naturally enriched 13C-milk proteins
1. Introduction
Adequate protein intake and subsequent utilization of protein is of great importance for health.
The recommended daily protein intake for healthy adults is 0.8 g protein/kg body weight/day, and is
suited for maintaining normal body composition and meeting metabolic demand [1]. Patients with
disease-related malnutrition (DRM) have an absolute or relative deficiency and inadequate utilization
of energy, protein, and other nutrients caused by a concomitant disease. Compromised outcomes,
such as impaired clinical outcome from disease, and diminished physical and mental function have
Nutrients 2019, 11, 115; doi:10.3390/nu11010115 www.mdpi.com/journal/nutrients18
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been described in relation to DRM [2–4]. Nutrition, exercise, and the hormonal milieu are essential to
reach a state which optimally supports protein synthesis and lean body mass (LBM), global aspects
of muscle and organ function, and the immune response, a paradigm also known as “anabolic
competence” [5].
Prevention and treatment of LBM loss could benefit from direct measurement and monitoring
of disturbed protein metabolism. Current methods to measure protein metabolism focus on protein
synthesis, which requires blood sampling, muscle biopsies, and/or the use of expensive synthetic
labelled amino acids [6–8]. Therefore, these methods are not suitable for the clinical setting.
A non-invasive bedside method to measure protein metabolism would be more suitable, as direct
measurements of the metabolic state could lead to more insight in optimal protein intake and optimal
physical activity, which then enables tailored improved treatment for each patient, resulting in
improved outcomes of disease.
Measuring protein oxidation is a feasible and non-invasive technique and can be performed
with naturally labelled 13C-protein, which is relatively inexpensive. All oxidized 13C-protein will
be exhaled as 13CO2 [9]. However, it is unknown to what extent variations in protein oxidation
occur under various physiological conditions, such as changes in protein intake. Generally, after the
ingestion of protein, the protein derived amino acids will be incorporated into new proteins until
protein synthesis requirements are met. The lack of protein storage leads to the oxidation of surplus
amino acids [10,11]. Accordingly, an altered protein intake could modify protein oxidation under
normal conditions. Thus, we hypothesized that restriction in protein intake in healthy subjects leads to
decreased activity of the oxidation pathway, as assessed by the 13CO2 breath test.
To test this hypothesis, in the current study, we aimed to measure the effect of a four-day protein
restricted diet, compared to their habitual diet, on protein oxidation, as assessed by the 13CO2 breath
test in healthy subjects.
2. Materials and Methods
2.1. Subjects
Healthy young males were included as being a representative group for healthy subjects.
The decision to recruit young subjects versus older subjects was based on logistics, as the pool of young
healthy subjects is more easily accessible for study. Women were excluded to rule out possible effects
of the menstrual cycle on protein metabolism, and to exclude possible effects of differences in body
composition between women and men. Furthermore, subjects having a disease and/or undergoing
or starting medical treatment were excluded. Sixteen healthy young male subjects were recruited
via local advertising. To obtain a homogeneous group of subjects, reducing the possible influence
of covariates, the following inclusion criteria were applied: Age between 18–30 years, body mass
index (BMI) between 20–25 kg/m2, and being able to fast overnight. Exclusion criteria were: Having a
disease and/or being medically treated, milk protein allergy or intolerance, smoking, use of drugs,
drinking on average more than 2 glasses of alcohol per day, waist circumference larger than 102 cm,
and using a vegetarian diet. This design was chosen to minimize possible confounding effects of
subject characteristics over the protein restricted diet intervention.
The study was approved by the local Medical Ethical Committee at the University Medical
Center Groningen (NL56982.042.16, METc 2016.144), conducted in accordance with the Helsinki
Declaration of 2013, and registered in the Dutch Trial Register under the registration number, NTR6101.
After receiving an information letter about the purpose and practical procedures of the study, and an
informative meeting with the researcher, every subject gave his written informed consent prior
to participation.
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2.2. Study Protocol
In each subject, age (year), height (cm), waist circumference (cm), bodyweight (kg), BMI (kg/m2),
and LBM (kg) were measured. LBM was measured by bioelectrical impedance analysis (Quadscan 4000,
Bodystat Ltd., Isle of Man, British Isles). After these measurements, subjects were instructed to keep
a four-day food diary with respect to their habitual food intake to calculate the average daily intake
of energy (kcal), protein (g), protein, en%, animal protein (g), plant protein (g), carbohydrates (g),
carbohydrates, en%, fat (g), and fat, en%. The calculations on dietary intake were performed with Evry
(Evry BV), which uses the NEVO 2013, RIVM database [12].
On each subject, at two separate days, two breath tests were performed; one after the subject’s
habitual diet and one after an isocaloric protein restricted diet (0.25 g protein/kg body weight/day).
Between the breath tests, there was a washout period of at least a week to return to baseline 13CO2
levels. On the evening before the breath test, subjects were instructed to start fasting overnight
(only consumption of water and tea, or coffee without milk and sugar was allowed) from 22:00 p.m.
onwards to arrive sober the next morning at 08:45 a.m. During each test, 3 basal breath samples
were collected and averaged to establish the subject’s baseline 13CO2:12CO2 ratio. At 09:15 a.m., 30 g
naturally enriched 13C-milk protein dissolved in 500 mL water was consumed within 5 minutes. The
isotope, 13C, is a stable isotope. From 09:25 a.m. until 14:45 p.m. (5.5 h), a breath sample was collected
every 10 minutes. During this period, subjects were instructed to remain seated in upright position
and not to eat or drink during the remainder of the breath test. Subjects were allowed to work on a
laptop, to read, and to write.
The four-day protein restricted diet was given as a food menu, which described in detail what
and when to eat, to facilitate energy and protein intake as prescribed. The subjects were instructed to
use the food menus. The food menu was tailored to each subject’s habitual energy intake, which was
calculated from the four-day food diaries. Therefore, the created protein restricted diet was isocaloric to
the habitual diet. Consequently, by both reducing protein intake and keeping the protein restricted diet
isocaloric, the macronutrient composition of the diet changed, as the energy lost from protein intake
was replaced by mainly an increase in carbohydrates and to a lesser extent with an increase in fat,
as food which contains fat also contains protein. Each subject underwent the breath tests in the same
order: Starting the first after habitual diet and second after the protein restricted diet. The four-day
protein restricted diet was tailored to each subject.
During five days, 24-h urine was collected, on the fourth day of the subject’s habitual diet and,
next, every day during the four-day isocaloric protein restricted diet. From each 24-h urine sample,
urea and creatinine concentrations were measured to calculate the subject’s actual protein intake [13].
The urea:creatinine ratio was calculated to assess the compliance to the isocaloric protein restricted
diet. A change to a protein restricted diet will reduce 24-h urinary urea production, while 24-h
urinary creatinine production, which depends almost exclusively on muscle mass, will remain steady,
and therefore the urea:creatinine ratio will decrease.
2.3. Calculations and Statistical Analysis
Disturbances in short-term protein oxidation can be measured by pulse-labelling with the use of
naturally enriched 13C-proteins. After ingestion of 13C-proteins, the protein oxidation can be quantified
by measuring the 13CO2:12CO2 ratio in exhaled breath over time. To calculate the amount of CO2
produced on each timepoint, the CO2 production in rest was calculated by the following regression
formula: 300 mmol CO2/hour × body surface area (BSA), which was calculated with the Haycock
formula [14]:
BSA (mˆ2) = weight (kg)ˆ0.5378 × height (cm)ˆ0.3964 × 0.024265 (1)
The breath samples were measured for their 13CO2:12CO2 ratio with an isotope ratio mass
spectrometer (IRMS) and compared to a high 13C-enriched international standard, Pee Dee Belemnite
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(PDB), which has an accepted absolute 13C/12C ratio of 0.0112372. The differences (delta, δ) between
the breath samples and the standard is expressed in parts per 1000 (:‰) as [15] follows:
δ 13C sample = ((13C/12Csample)/(13C/12Cstandard)− 1)× 1000 (2)
The PDB standard 13C/12C ratio is defined as 0:‰. To calculate the 13C/12C ratio from the IRMS
delta values, the following inversion formula was used [10]:
13C/12Cratio = ((deltavalue/1000) + 1)× 0.0112372 (3)
Next, the 13C/12C ratio of each breath sample is used to calculate the %13C [16] by:
%13C = ((13C/12Cratio)/(13C/12Cratio + 1))× 100 (4)
The baseline (t = 0) breath sample 13C/12C ratio was subtracted from each subsequent breath
sample to acquire the change from the subject’s baseline. The estimated CO2 production, together with
the delta value on each timepoint, and the enrichment of the 13C-milk protein was used to calculate
the protein oxidation rate of the subject at each timepoint with 10 minutes in between.
The change in the 13CO2:12CO2 ratio over time has been described [17,18] by the general
concentration model as follows:
y(t) = a × tˆb × eˆ(−kt) + ε (normally distributed) (5)
The model function was fitted to the measurement data for each subject over time, with t ranging
from zero to 330 minutes. That is, the parameters, a, b, and k, were determined by fitting the oxidation
rate curves to the measurement data per subject per day, with the goal of finding optimal parameters
per subject per day. Total protein oxidation was calculated as the integral over the curve representing
the area under the curve (AUC). The term, ε, is normally distributed with a zero mean, and its variance
is estimated by the residual error variance. Each resulting curve starts at the natural amount, y = 0,
as no 13C-milk protein has been ingested at timepoint, t = 0. After ingestion, the stomach releases
the 13C-milk protein into the digestive track where the proteins are digested and taken up by the gut.
The digested proteins are circulated and become available to the cells for protein synthesis or oxidation.
The process of protein oxidation is reflected by the oxidation curve. From t = 0 onwards, the oxidation
curve ascends, reaching its maximum and thereafter, the oxidation rate of 13C-amino acids descends
towards the subject’s baseline over multiple hours.
Per breath test, the values of the fitted parameters, a, b, and k, differ over persons and type of
diet. For larger values of a and b, the ascending slope becomes steeper, whereas a higher value for the
constant, k, leads to a steeper descending slope after the maximum was reached.
The difference in the average AUC after a habitual diet and protein restricted diet within
subjects was tested with the paired t-test. Two other important characteristics directly calculated
from the parameters of each fitted curve per subject were the timepoint (tmax) in minutes at which
the maximum oxidation rate was reached, as well as the corresponding maximum oxidation rate,
y(tmax), where tmax = b/k. The latter was expected to be similar within subjects in both experimental
conditions, as tmax is mainly determined by the rate of stomach emptying [19], which is dependent on
the test drink. The latter was identical for both breath tests. The standard error of the tmax per person is
computed by the delta method [20]. Both the maximum oxidation rate, y(tmax), and the total oxidation
(AUC) were expected to be lower after the protein restricted diet compared to the habitual diet, as a
deficit of amino acids in the body is hypothesized to lead to less oxidation of the 30 g ingested milk
protein. From each concentration model, the timepoint at which 1% oxidation/hour was reached was
calculated using the above formula and a numerical intersection method.
All statistical analyses were performed by the statistical programming language, R (R Core Team,
2017), with the package, “car” [21], specifically using the non-linear least squares function [22] to fit the
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concentration curve to the measurements over time and the delta method to determine the standard
error of tmax [20]. The difference in the urea:creatinine ratio between the habitual diet and day four of
the protein restricted diet was investigated with the paired Student’s t-test. The associations between
total protein oxidation and the demographic characteristics, i.e., age, bodyweight, BMI, LBM, habitual
protein intake, habitual energy intake, and baseline urea:creatinine ratio, were investigated with the
Pearson correlation coefficient, r. All data are represented as mean ± standard deviation (SD).
3. Results
Baseline characteristics of the 16 male subjects are presented in Table 1.
Table 1. Baseline characteristics of the subjects (n = 16).
Mean SD
Age (years) 23.0 3.1
Height (cm) 185.4 8.6
Body weight (kg) 77.1 9.5
Body Mass Index (kg/m2) 22.3 1.1
Lean Body Mass (%) 88.3 2.7
Habitual diet
Protein intake (g protein/kg body weight/day) 1.3 0.3
Protein intake (g protein/day) 102 25
En% protein (%) 17 4
En% carbohydrates (%) 47 5
En% mono- and disaccharides (%) 20 8
En% fat (%) 35 6
En% saturated fat (%) 13 4
En% unsaturated fat (%) 19 7
Protein restricted diet
En% protein (%) 3 1
En% carbohydrates (%) 73 7
En% mono- and disaccharides (%) 53 8
En% fat (%) 22 7
En% saturated fat (%) 9 5
En% unsaturated fat (%) 12 6
Baseline breath 13CO2 enrichment (delta value) −26.18 0.50
During the four-day protein restricted diet, the urea:creatinine ratio in 24-h urine decreased with
an average of 56 ± 9%, as compared to the habitual diet from day 0 to day 4 (Figure 1). The mean
difference in the urea:creatinine ratio between the habitual diet day 0 and protein restricted diet day 4
was statistically significant (p < 0.001, t = 12.837, df = 15). Based on the change in the urea:creatinine
ratio, the protein intake decreased to 0.65 g protein/kg body weight/day, compared to the habitual
protein intake of 1.3 g protein/kg body weight/day.
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Figure 1. Urea:creatinine ratio calculated from 24-h urine collections (n = 16). The symbol “*” denotes
the statistically significant change from day 0 to day 4 with p < 0.001. Protein intake during the habitual
diet was 1.3 g protein/kg body weight/day ± 0.3 g; the prescribed four-day protein restricted diet was
0.25 g protein/kg body weight/day
The average protein oxidation kinetics of all subjects during the 330 minute breath tests, separated
by the habitual diet and the protein restricted diet, are shown in Figure 2. Total oxidation (AUC)
after the habitual diet and the protein restricted diet was 31.5 ± 6.4% and 30.5 ± 7.3%, respectively.
The difference in the mean total oxidation between the habitual and protein restricted diet was
not statistically significant (p = 0.530, t = 0.643, df = 15). The mean total protein oxidation of
~30%, corresponds to ~10 g oxidized. Time to tmax, after the habitual and protein restricted diet,
was 137 minutes ± 24 and 138 minutes ± 18, respectively (p = 0.854, t = −0.188, df = 15). The maximum
%oxidation rate per hour, after the habitual diet and the protein restricted diet, was 8.05 ± 1.27% and
8.11 ± 1.62% (p = 0.868, t = −0.170, df = 15).
Figure 2. Protein oxidation kinetics after the habitual diet (black) and protein restricted diet (red) (n = 16).
The following means and confidence intervals were calculated with all 32 breath tests
(16 subjects × 2 breath tests). From the curve fitting with the function, y(t) = a × tˆb × eˆ(−kt), the mean
of constant, a, was 0.037 ± 0.041. For the constant, b, the mean was 1.636 ± 0.458. For the constant,
k, the mean was 0.012 ± 0.004. The concentration curve fitted well with the breath test measurements
with a mean R2 of 0.930 ± 0.033. The timepoint of maximum oxidation (tmax) was obtained with a
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mean 137 ± 21 minutes. The mean proportionate decrease from the maximum oxidation rate (mean
8.1% oxidation/hour) to the final timepoint (mean 3.5% oxidation/hour) over all 32 breath tests was
−57 ± 16%. The mean time to reach 1% oxidation/hour was 502 ± 119 minutes. The total oxidation
was positively correlated with the maximal oxidation rate (0.95). Residual standard deviation of
the measurements to the fitted curve was 0.601 ± 0.167. The associations between the total protein
oxidation and demographic characteristics, i.e., age, body weight, BMI, LBM, habitual protein intake,
habitual energy intake, and baseline urea:creatinine ratio, were fair to poor (r < 0.4) [23].
Differences in the total protein oxidation after each subject’s habitual diet (1.3 ± 0.3 g protein/kg
body weight/day), and after a prescribed isocaloric protein restricted diet (0.25 g/kg body weight/day)
are shown in Figure 3. The results of the subjects are ordered based on the strongest relative decrease
in protein oxidation from their habitual diet to the protein restricted diet, towards the strongest relative
increase. A large range in the effect on the total protein oxidation (relative change −43.2% vs. +44.0%)
was observed, however, the large range of the increase and decrease in the total protein oxidation
canceled each other out, as shown in Figure 2.
Figure 3. Total protein oxidation (% of given 30 g dose) measured with the breath test after a habitual
diet (black bars) versus the protein restricted diet (0.25 g/kg body weight/day)(white bars) (n = 16).
Subjects are ordered from left to right, based on the strongest relative reduction in protein oxidation
from their habitual diet to the protein restricted diet, towards the strongest relative increase.
4. Discussion
In the current study, we assessed the effect of a protein restricted diet on protein oxidation,
as assessed by the 13CO2 breath test in healthy young males, as a possible reflection of whole body
protein metabolism. On the group level, the total protein oxidation was not affected by the two-fold
reduction in mean protein intake, which decreased from 1.3 to 0.65 g protein/kg body weight/day.
We found a large variation in the total protein oxidation response after the protein restricted diet
compared to the habitual diet, which ranged from a decrease of 43.2% to an increase of 44.0%.
Combined with the precision of the breath test, this implies that the range in effects on the oxidation
rate may have a biological background.
This is the second study that has assessed the overall protein oxidation with naturally 13C-enriched
milk protein during different states of protein intake. An explorative investigation was performed
with a three-day protein restricted isocaloric diet, in which the protein intake was reduced to ~10 g of
protein per day, which corresponds to ~0.15 g protein/kg body weight/day [9]. In that study, the total
protein oxidation after the protein restricted diet had a lower mean than after the habitual diet, but the
difference in the mean was not significant (p = 0.142). Further comparison of our results with those of
other studies, which either measured the effect of several conditions or the effect of different exercise
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regimens combined with protein ingestion on the protein synthetic response, is difficult. However, our
finding that ingestion of 30 g of 13C-milk protein was associated with an overall oxidation of ~30%,
corresponding to ~10 g oxidation over 5.5 hours, seems in line with the study by Moore et al. [8].
In that study, in which protein muscle synthesis was measured with primed 13C-leucine infusion
over 4 hours, muscle protein synthesis after resistance exercise was maximally stimulated with 20 g
of ingested whole egg protein and dietary protein ingested in excess of 20 g stimulated 13C-leucine
oxidation. Therefore, Moore et al. imply that they would have found ~10 g of whole egg protein
oxidized if they had tested a 30 g dose of whole egg protein, which is comparable to the amount of
13C-milk protein oxidized in our study. Our findings did not confirm our hypothesis that a change in
protein intake would be associated with a change in overall protein oxidation. This could mean that
a change in protein intake in the range investigated here does indeed not affect protein oxidation in
healthy males, or, alternatively, that there were methodological limitations in detecting such an alleged
change in the current methodological design of our study.
The first limitation that needs to be taken into account is that there could be a pre-meal effect of the
non-standardized evening meal, prior to the breath test, on the utilization and oxidation subsequent to
the 30 g protein test drink. However, no relationship between the evening meal energy intake, en%
carbohydrates, and en% protein intake on the subsequent protein oxidation was found, which could in
part be related to the small sample size. Second, during the protein restricted diet, the subjects did not
reach the intended target of 0.25 g protein/kg body weight/day intake, as the mean level of protein
intake decreased to only 0.65 g protein/kg body weight/day as measured by the urea:creatinine
ratio. This level of intake is only slightly lower than the general protein intake recommendation
of 0.80 g/kg body weight/day for healthy adults set by the World Health Organization (WHO) [1].
It would seem that in this study, the subjects were probably still within the range of adequate protein
intake to maintain protein homeostasis. On the other hand, whether the subjects in this study were in
steady state is uncertain, as they acutely adjusted their protein intake from habitual to the four-day
protein restricted diet. The use of 24-hour urinary urea for the estimation of dietary protein intake
is most reliable in subjects who are in a steady state [24,25]. Therefore, it could be argued that in
these experimental circumstances, the change in the urea:creatinine ratio does not accurately reflect
protein homeostasis and also the actual protein intake. However, it does at least underline a clear
reduction in protein intake. Third, the replacement of protein with carbohydrates to obtain an isocaloric
protein restricted diet changed the macronutrient ratios within the diet, and might have resulted in
a decreased uptake of amino acids into tissue and, consequently, an increased amino acid oxidation
in the splanchnic area due to a possible altered insulin response [26,27]. Fourth, the current protocol
includes an overnight fast, to forgo breakfast, and after consumption of the test drink, the subjects did
not eat or drink for 5.5 hours. This was in order to minimize the influence of differences in starting
conditions, such as the stomach emptying rate, between the subjects. These requirements enable better
interpretable measurements and are unlikely to harm healthy subjects. However, fasting can further
deteriorate the condition of clinical populations. For future studies in clinical populations, adaptations
to the protocol should be made to minimize the burden. Potential targets to reduce the burden are a
standardized breakfast and reduction in the collection of breath samples over time.
The major strengths of this study were the well-controlled design, with subjects as their own
control, and the precise protein oxidation measurements. First, in the current tests, natural enriched
13C-milk protein was used, which implies that all amino acids are enriched with 13C and therefore
the exhaled 13CO2 represents the oxidation of all amino acids, which reflects the total body protein
oxidation [10]. Oxidation studies with specific amino acids, like 13C-leucine, most likely do not reflect
overall amino acid oxidation, as all the amino acids have various biological functions, aside from
being building blocks for synthesizing protein [28]. Second, the breath test is reliable as it measures
the protein oxidation process well, with the concentration function fitting well to all breath test
measurements, as demonstrated by a mean R2 of 0.930 ± 0.033. The formula of each curve provided
estimated parameters per subject. These parameters, such as the timepoint of the maximum, and the
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oxidation rate at the timepoint of the maximum, had small standard errors. Moreover, the residual
standard deviation of the oxidation rate was very small (0.601 ± 0.167). As the breath test is reliable,
the personal parameters found have a biological basis. Finding potentially important biological factors
involved in protein oxidation and protein utilization are a next step in understanding whole body
protein metabolism.
In conclusion, this study has shown that on the group level, the total protein oxidation was not
affected by a short-term reduction in protein intake in healthy subjects. This suggests that over the
range of protein intake investigated here, the overall protein metabolism is robust against challenges.
However, due to large variations found on the individual level with respect to the change in total
protein oxidation between the habitual and protein restricted diet, and the poor to fair associations
of total protein oxidation with demographic characteristics, it is uncertain how important the role of
fluctuations in short-term protein oxidation is within whole body protein metabolism.
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Abstract: Health effects of vegetarian and vegan diets are well known. However, data is sparse in
terms of their appropriateness for the special nutritional demands of endurance runners. Therefore,
the aim of this study was to investigate the health status of vegetarian (VER) and vegan endurance
runners (VGR) and compare it to omnivorous endurance runners (OR). A total of 245 female and
male recreational runners completed an online survey. Health status was assessed by measuring
health-related indicators (body weight, mental health, chronic diseases, and hypersensitivity reactions,
medication intake) and health-related behavior (smoking habits, supplement intake, food choice,
healthcare utilization). Data analysis was performed by using non-parametric ANOVA and
MANOVA. There were 109 OR, 45 VER and 91 VGR. Significant differences (p < 0.05) were determined
for the following findings: (i) body weight for VER and VGR was less than for OR, (ii) VGR had
highest food choice scores, and (iii) VGR reported the lowest prevalences of allergies. There was no
association (p > 0.05) between diet and mental health, medication intake, smoking habits, supplement
intake, and healthcare utilization. These findings support the notion that adhering to vegetarian
kinds of diet, in particular to a vegan diet, is associated with a good health status and, thus, at least
an equal alternative to an omnivorous diet for endurance runners.
Keywords: vegetarian; vegan; half-marathon; marathon; running; health conscious;
recreational athlete
1. Introduction
During an endurance event, such as a marathon running, body and mind are challenged to an
extremely high degree. Athletes are exposed to several physiological and psychological challenges,
in particular with regard to energy metabolism, body temperature and fluid balance [1–3]. A study
by Hausswirth and Lehénaff highlighted the importance of fat metabolism, since an increase in free
fatty acids and glycerol at the end of long-distance races crucially affects running economy and, thus,
performance when the athlete is almost at the finish line [3]. Further important parameters with regard
to running economy are maximal oxygen consumption, lactate-threshold, and metabolic efficacy [2].
Moreover, completing a long-distance race is a psychological challenge which requires favorable
character traits, such as inhibitory control, the ability not only to inhibit motor response, but also to
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suppress processing of irrelevant information, and the ability to protect cognitive performance so that
it is less influenced by emotional stimuli [1]. In order to meet all these requirements, a good health
status and a strong mind are necessary and will contribute to good exercise performance [1,2].
An essential requirement for a good health status is the choice of an appropriate, healthy, and
sustainable diet [4,5]. As endurance running is known as a kind of sport with high energy expenditure
and, thus, consumption, an endurance athlete’s need for vitamins, trace elements and other valuable
food ingredients besides macronutrient requirements is very high [4]. Therefore, a well-balanced energy
turnover is crucial [4], resulting in the creation of a well-planned and reasonable nutrition strategy [5].
Current evidence suggests that one strategy could be adhering to a meatless diet rich in vegetables and
fruits, such as a vegetarian kind of diet [6–8] (pp. 419–437). Vegetarian kind of diet is an umbrella term
which subsumes four main dietary patterns: lacto-ovo-vegetarian, lacto-vegetarian, ovo-vegetarian,
and vegan. Lacto-ovo vegetarians consume dairy products and eggs but no meat, poultry or seafood.
Lacto-vegetarians eat dairy products but avoid eggs, meat, poultry, and seafood. Ovo-vegetarians eat
eggs, but no dairy products, meat, poultry, or seafood. A vegan diet is characterized by the rejection
of all products from animal sources, such as meat, fish/shellfish, milk and dairy products, eggs, and
honey. A dietary pattern without any restriction is referred to as an omnivorous kind of diet [7].
Healthy vegetarian kinds of diet usually include complex carbohydrates, fiber, fruits, vegetables,
and antioxidants [9]. Although potentially lower in some nutrients, such as zinc and vitamin B12 [9],
carefully planned vegetarian kinds of diet meet or even exceed the nutritional requirements of athletes,
in particular with regard to the intake of proteins, fatty acids and iron [6–8] (pp. 419–437). More
than this, vegetarian kinds of diet are known to have further beneficial effects on health than just
energy intake, in particular in terms of body weight control [10,11], the prevention of diabetes mellitus
type 2 [12,13], ischemic heart disease [11,14], and protection against depression [15]. In addition,
a vegetarian diet has been found to reduce the risk for some types of cancer, such as colon and prostate
cancer [9,16]. Despite immediate health-related effects due to the consumption of healthy foods, being
a vegetarian or vegan is often associated with a healthy lifestyle characterized by the avoidance of
adverse health behavior, such as smoking and alcohol consumption, a high level of physical activity,
and time for relaxation [8] (p. 393).
To date, little is known about the health status and health-related behavior of vegetarian and vegan
endurance runners [17,18]. Most researchers have not classified their subjects by dietary subgroup [19].
Beyond that, these studies usually dealt with athletes in general, so that data in terms of endurance
runners is sparse. A well-founded comparison of health characteristics between vegetarian, vegan
and omnivorous endurance runners is lacking. Specific knowledge about the interconnectedness of
diet choice and health could provide a better basis for athletes and their coaches, physicians, and
nutritionists/dietitians, in order to optimize training and treatment strategies.
The aim of the study, therefore, was to investigate the health status of endurance runners and to
compare athletes who adhere to a vegetarian or vegan diet to those who follow an omnivorous diet.
Since a good state of health of non-active vegetarians and vegans is sound and compares favorably
to that of omnivores [8] (p. 411), it was hypothesized that vegetarian and vegan endurance runners
would have a better health status than omnivorous endurance runners.
2. Materials and Methods
2.1. Study Protocol and Ethics Approval
The study protocol [20] was approved by the ethics board of St. Gallen, Switzerland on 6 May
2015 (EKSG 14/145). The trial registration number is ISRCTN73074080.
2.2. Participants
The NURMI (Nutrition and Running High Mileage) Study was conducted in three steps following
a cross-sectional design. Endurance runners, mainly from German-speaking countries including
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Germany, Austria, and Switzerland, were recruited. In addition, people from around the world were
addressed. Participants were contacted mainly via social media, websites of the organizers of marathon
events, online running communities, email lists, and runners’ magazines, as well as via magazines
for health, vegetarian, and/or vegan nutrition and lifestyle, sports fairs, trade fairs on vegetarian and
vegan nutrition and lifestyle, and through personal contacts. The characteristics of the subjects are
presented in Table 1.
Table 1. Anthropometric and demographic characteristics of the subjects displayed by diet group.
Omnivorous Vegetarian Vegan
Number of Subjects 100% (109) 100% (45) 100% (91)
Sex
Female 47% (51) 58% (26) 70% (64)
Male 53% (58) 42% (19) 30% (27)
Age (years) (median) 43 (IQR 18) 39 (IQR 16) 37 (IQR 15)
Body Weight (kg) (median) 68 (IQR 16.7) 62 (IQR 11.3) 64 (IQR 10)
BMICALC (kg/m
2)
≤18.49 4% (4) 7% (3) 9% (8)
18.50–24.99 80% (87) 87% (39) 82% (75)
≥25–29.99 17% (18) 7% (3) 9% (8)
Race Distance
10 km 34% (37) 33% (15) 43% (39)
Half-marathon 36% (39) 44% (20) 33% (30)
Marathon/Ultramarathon 30% (33) 22% (10) 24% (22)
Academic Qualification




38% (41) 38% (17) 27% (25)
A Levels or Equivalent 24% (26) 16% (7) 22% (20)
University Degree/Higher Degree
(i.e., doctorate) 30% (33) 38% (17) 36% (33)
No Answer 8% (9) 9% (4) 13% (12)
Marital Status
Divorced/Separated 3% (3) 4% (2) 11% (10)
Married/Living with Partner 75% (82) 58% (26) 62% (56)
Single 22% (24) 38% (17) 27% (25)
Country of Residence
Austria 21% (23) 18% (8) 14% (13)
Germany 70% (76) 76% (34) 74% (67)
Switzerland 7% (8) 4% (2) 3% (3)
Other 2% (2) 2% (1) 9% (8)
Motive for Diet Choice
Health, wellbeing 81% (21) 85% (28) 90% (79)
Sporting performance 54% (14) 33% (11) 59% (52)
Food scandals 15% (4) 55% (18) 32% (28)
Animal welfare 46% (12) 79% (26) 90% (79)
Ecological aspects 50% (13) 76% (25) 83% (73)
Social aspects 35% (9) 55% (18) 57% (50)
Economic aspects 8% (2) 12% (4) 22% (19)
Religion/spirituality 0% (0) 12% (4) 7% (6)
Custom/tradition 15% (4) 0% (0) 2% (2)
Taste/enjoyment 42% (11) 33% (11) 44% (39)
No specific reason 4% (1) 0% (0) 0% (0)
10 km = 10-km control group. BMICALC = Body Mass Index (calculated). IQR = interquartile range.
2.3. Procedures
2.3.1. Experimental Approach
Participants completed an online survey within the NURMI Study Step 2, which was available in
German and English at www.nurmi-study.com from 1 February 2015 to 31 December 2015. Prior to
completing the questionnaires on physical and psychological health, participants were provided with
a written description of the procedures and gave their informed consent to take part in the study.
For successful participation in the study, the following inclusion criteria were required: (1) written
informed consent, (2) at least 18 years of age, (3) completed questionnaire, (4) successful participation
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in a running event of at least half-marathon distance in the past two years. Participants were classified
into three dietary subgroups (Scheme 1): omnivorous (commonly known as Western diet, no dietary
restrictions) diet; vegetarian (no meat); and vegan (no products from animal sources) [7]. In addition,
they were categorized according to race distance: 10-km, half-marathon, and marathon/ultramarathon.
Marathoners and ultramarathoners were pooled together since the marathon distance is included in
an ultramarathon. A total of 91 highly-motivated runners provided accurate and useful answers with
plenty of high-quality data. However, they had not successfully participated in either a half-marathon
or marathon, but rather in a 10-km race. In order to avoid an irreversible loss of these valuable datasets,
those who met all inclusion criteria but named a 10-km race as their running event were kept as the
control group.
Scheme 1. Categorization of participants.
According to the WHO [21,22] the goal for individuals should be to maintain a BMI in the range
18.5–24.9 kg/m2 (BMINORM) in order to achieve optimum health. They point to an increased risk of
co-morbidities for a BMI 25.0–29.9 kg/m2, and moderate to severe risk of co-morbidities for a BMI
> 30 kg/m2 [21,22]. Therefore, the calculated Body Mass Index (BMICALC) was classified into three
categories of body weight-to-height ratio (kg/m2): ≤ 18.49 < BMINORM: 18.50–24.99 kg/m2 ≥ 25. Since
the BMI of active runners could be below BMINORM [23], but in addition people with a higher BMI
might start running in order to achieve and maintain a stable, healthy body weight, participants with
BMI < 30 were included. BMI has been shown to be a significant performance-determining parameter
for speed improvement in running over various distances, with a continuous increase in BMI from
19.57 (1.29) kg/m2 in marathoners to 23.3 (1.67) kg/m2 over the 100 m distance [24]. An optimal BMI
for high running pace, reported for the best performers over 10 km and marathon distance, was found
to be between 19–20 kg/m2.
2.3.2. Data Clearance
In order to control for measures of (1) diet and (2) running, two groups of control questions were
included, each within different sections of the survey. In order to control for a minimal status of health
linked to a minimum level of fitness and to further enhance the reliability of datasets, the BMI approach
following the WHO [21,22] was used. With a BMI ≥ 30 other health-protecting and/or weight loss
strategies than running would be necessary to safely reduce body weight. Therefore, three participants
with a BMI ≥ 30 were excluded from the data analysis.
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A total of 317 endurance runners completed the survey. Incomplete, inconsistent, and conflicting
datasets were excluded from the data analysis. After data clearance a total of 245 runners with complete
datasets were included for descriptive statistical analysis (Scheme 2).
Scheme 2. Flow chart of participants’ enrollment.
2.4. Measures
Health status (latent variable) was derived by using both the two clusters ‘Health-related
Indicators’ and ‘Health-related Behavior’. Each cluster pooled four dimensions, with each defined by
specific items based on manifest measures. An overview of the variables is presented in Table 2.
The following health-related indicators described health outcomes: (1) body weight/BMI,
(2) mental health (stress perception), (3) chronic diseases and hypersensitivity reactions: prevalence
of chronic diseases (heart disease, state after heart attack, cancer), prevalence of metabolic
diseases (diabetes mellitus 1, diabetes mellitus 2, hyperthyroidism, hypothyroidism), prevalence
of hypersensitivity reactions (allergies, intolerances), and (4) medication intake (for thyroid disease,
for hypertension, for cholesterol level, for contraception).
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The following variables of health-related behavior described health outcomes: (1) smoking habits
(current and former smoking), (2) supplement intake (supplements prescribed by a doctor, supplements
for performance enhancement, supplements to cope with stress), (3) food choice (motivation, desired
ingredients, avoided ingredients), and (4) healthcare utilization (regular check-ups). Resulting from
this, eight domain scores (body weight/BMI, mental health, chronic diseases, and hypersensitivity
reactions, medication intake, smoking, supplement intake, food choice, healthcare utilization) were
derived, which generated scores between 0 and 1. Low scores indicate detrimental health effects, while
higher scores indicate beneficial health effects (given as mean scores plus standard deviation, and
percentage (%)).
2.5. Statistical Analysis
The statistical software R version 3.5.0 Core Team 2018 (R Foundation for Statistical Computing,
Vienna, Austria) performed all statistical analyses. Exploratory analysis was performed by descriptive
statistics (median and interquartile range (IQR)). Significant differences between dietary subgroups and
domain scores to describe health status were calculated by using a non-parametric ANOVA. Chi-square
test and Kruskal-Wallis test were used to examine the association between dietary subgroups and
domain scores with nominal scale variables, and Wilcoxon test and Kruskal-Wallis test (ordinal and
metric scale) approximated by using the F distributions.
Statistical modeling. State of health as the latent variable was derived by manifest variables
(e.g., body weight, cancer, smoking, etc.). In order to scale the health status displayed by measures,
items and dimensions, a heuristic index between 0 and 1 was defined (equivalence in all items). To test
the statistical hypothesis considering significant differences between dietary subgroups, race distance
and sex for each dimension a MANOVA was performed to define health status. The assumptions of
the ANOVA were verified by residual analysis.
The level of statistical significance was set at p ≤ 0.05.
3. Results
A total of 317 endurance runners completed the survey, of whom 245 (141 women and 104 men)
remained after data clearance with a mean age of 39 (IQR 17) years, from Germany (n = 177),
Switzerland (n = 13), Austria (n = 44) and from other countries (n = 11; Belgium, Brazil, Canada,
Italy, Luxemburg, Netherlands, Poland, Spain, UK).
A total of 109 participants followed an omnivorous diet, 45 reported to adhere to a vegetarian
diet, and 91 to a vegan diet. In addition, there were a total of 91 10-km runners, 89 half-marathoners,
and 65 marathoners/ultramarathoners.
3.1. Cluster ‘Health-Related Indicators’
3.1.1. Dimension of Body Weight/BMI
There was a significant difference in body weight between dietary subgroups (F(2, 242) = 6.86,
p = 0.001), with vegetarians and vegans showing lower body weight than omnivores. However, there
was no difference in the health-related item BMI between dietary subgroups (χ2(4) = 6.08, p = 0.193)
(Table 3). Moreover, vegans had the highest counts for the health-related indicator body weight/BMI
(0.69 (0.40), F(2, 242) = 0.41, p = 0.662) (Figure 1a).
3.1.2. Dimension of Mental Health
There was no significant association between diet group and stress perception (χ2(2) = 1.78,
p = 0.412) (Table 3). However, vegans had the highest score with regard to mental health (0.66 (0.48),
F(2, 219) = 0.88, p = 0.415) (Figure 1a).
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Table 3. Descriptive results and ANOVA of the ‘Health-Related Indicators’ cluster.
Dimension Omnivorous Vegetarian Vegan Statistics
Body Weight/BMI
Body Weight (kg) (median) 68.00 (IQR 16.70) 62.00 (IQR 11.30) 64.00 (IQR 10.00) F(2, 242) = 6.86, p = 0.001
BMICALC χ2(4) = 6.08, p = 0.193
≤18.49 4% (4) 7% (3) 9% (8)
18.50–24.99 80% (87) 87% (39) 82% (75)
≥25–29.99 17% (18) 7% (3) 9% (8)
Mental Health χ2(2) = 1.78, p = 0.412
Stress Perception
Yes 36% (35) 46% (18) 34% (29)
No 64% (63) 54% (21) 66% (56)
Chronic Diseases and Hypersensitivity Reactions
Prevalence of Chronic Diseases χ2(4) = 2.88, p = 0.578
Heart Disease 1% (1)
Heart Attack
Cancer 1% (1)
No Diseases 99% (97) 100% (39) 99% (84)
Prevalence of Metabolic Diseases χ2(10) = 7.14, p = 0.713
Diabetes Mellitus 1 1% (1) 3% (1)
Diabetes Mellitus 2 2% (2)
Hyperthyroidism 1% (1) 3% (1) 1% (1)
Hypothyroidism 5% (5) 3% (1) 8% (7)
Other Diseases 1% (1) 1% (1)




(4) = 12.87, p = 0.012
Allergies 32% (31) 36% (14) 20% (17)
Intolerances 1% (1) 10% (4) 12% (10)
No Reactions 67% (66) 54% (21) 68% (58)
Medication Intake (regularly) χ2(6) = 7.58, p = 0.271
Thyroid Disease 6% (6) 8% (3) 11% (9)
Hypertension 5% (5) 3% (1)
Cholesterol Level
Other Medication 5% (5) 5% (4)
No Medication 84% (82) 90% (35) 85% (72)
Contraceptives 12% (12) 10% (4) 15% (13) χ2(2) = 0.70, p = 0.704
BMICALC = Body Mass Index (calculated). IQR = interquartile range.
 
(a) ‘Health-Related Indicators’ (b) ‘Health-Related Behavior’ 
Figure 1. Indices of both clusters ‘Health-Related Indicators’ and ‘Health-Related Behavior’ of female
and male endurance runners, displayed by dietary subgroups (as percentage, %). Low scores indicate
detrimental health effects, high scores indicate beneficial health effects.
3.1.3. Dimension of Chronic Diseases and Hypersensitivity Reactions
There was no significant association between diet and the prevalence of cardiovascular diseases
and cancer (χ2(4) = 2.88, p = 0.578), and even between diet and prevalence of metabolic diseases
(χ2(10) = 7.14, p = 0.713). However, there was a significant difference between the prevalence of
hypersensitivity reactions and diet (χ2(4) = 12.87, p = 0.012), where vegan endurance runners stated
least often that they had at least one allergy. In addition, omnivores reported having a food intolerance
least often (Table 3). Omnivorous, vegan, and vegetarian runners scored similarly with regard to the
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health-related indicator chronic diseases and hypersensitivity reactions (respectively, 0.85 (0.20), 0.82 (0.20),
and 0.85 (0.18), F(2, 219) = 0.58, p = 0.562) (Figure 1a).
3.1.4. Dimension of Medication Intake
There was no significant association between medication intake and dietary subgroup (χ2(6) = 7.58,
p = 0.271) (Table 3). Furthermore, there was no significant effect diet on the use of contraceptives
(χ2(2) = 0.70, p = 0.704). However, vegetarians had the highest scores with regard to medication intake,
even though all dietary subgroups had similar scores (respectively, 0.84 (0.37), 0.90 (0.31), and 0.85
(0.36), F(2, 219) = 0.41, p = 0.663) (Figure 1a).
3.2. Cluster ‘Health-Related Behavior’
3.2.1. Dimension of Smoking Habits
Diet and current or former smoking were not significantly associated (χ2(4) = 8.96, p = 0.062)
(Table 4). Vegetarians showed the best health-related behavior with regard to smoking habits (0.83 (0.29),
F(2, 219) = 1.30, p = 0.275) (Figure 1b).
Table 4. Descriptive results and ANOVA of the ‘Health-Related Behavior’ cluster.
Dimension Omnivorous Vegetarian Vegan Statistics
Smoking Habits χ2(4) = 8.96, p = 0.062
Non-Smoker 58% (57) 72% (28) 54% (46)
Ex-Smoker 40% (39) 23% (9) 46% (39)
Smoker 2% (2) 5% (2)
Supplement Intake
prescribed by doctor 8% (8) 10% (4) 6% (5) χ2(2) = 0.79, p = 0.675
to boost your performance (occasionally) 10% (10) 21% (8) 11% (9)
χ2(4) = 4.09, p = 0.394to boost your performance (regularly) 3% (3) 0 % (0) 2% (2)
to cope with stress (occasionally) 5% (5) 5% (2) 8% (7)
χ2(4) = 1.79, p = 0.774to cope with stress (regularly) 2% (2) 2% (2)
Food Choice
Motivation
because it is healthy 67% (66) 74% (29) 75% (64) χ2(2) = 1.59, p = 0.452
because it is health-promoting 81% (79) 79% (31) 88% (75) χ2(2) = 2.41, p = 0.300
because it is good for maintaining health 85% (83) 92% (36) 95% (81) χ2(2) = 5.99, p = 0.050
Avoided Ingredients
Refined Sugar 62% (61) 56% (22) 73% (62) χ2(2) = 3.95, p = 0.138
Sweetener 74% (73) 59% (23) 80% (68) χ2(2) = 6.16, p = 0.046
Fat in General 39% (38) 46% (18) 49% (42) χ2(2) = 2.17, p = 0.339
Saturated Fats 53% (52) 46% (18) 72% (61) χ2(2) = 9.82, p = 0.007
Cholesterol 34% (33) 31% (12) 65% (55) χ2(2) = 21.60, p < 0.001
White Flour 64% (63) 59% (23) 74% (63) χ2(2) = 3.42, p = 0.181
Sweets 58% (57) 62% (24) 69% (59) χ2(2) = 2.52, p = 0.284
Nibbles 62% (61) 59% (23) 62% (53) χ2(2) = 0.15, p = 0.928
Alcohol 55% (54) 51% (20) 56% (48) χ2(2) = 0.29, p = 0.864
Caffeine 26% (25) 36% (14) 46% (39) χ2(2) = 8.30, p = 0.016
Desired Ingredients
Vitamins 81% (79) 72% (28) 86% (73) χ2(2) = 3.48, p = 0.175
Minerals/Trace Elements 70% (69) 72% (28) 75% (64) χ2(2) = 0.56, p = 0.757
Antioxidants 47% (46) 44% (17) 60% (51) χ2(2) = 4.25, p = 0.119
Phytochemicals 42% (41) 31% (12) 59% (50) χ2(2) = 9.93, p = 0.007
Fiber 68% (67) 62% (24) 75% (64) χ2(2) = 2.58, p = 0.276
Health Care Utilization
Regular check-ups or routine health checks 54% (53) 49% (19) 61% (52) χ2(2) = 1.91, p= 0.385
3.2.2. Dimension of Supplement Intake
There was no significant association between diet and supplement intake prescribed by a doctor
(χ2(2) = 0.79, p = 0.675), the consumption of performance-enhancing substances (χ2(4) = 4.09, p = 0.394)
or the intake of substances to cope with stress (χ2(4) = 1.79, p = 0.774) (Table 4). Vegans showed the
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best health-related behavior with regard to supplement intake (0.91 (0.19), F(2, 219) = 0.35, p = 0.708)
(Figure 1b).
3.2.3. Dimension of Food Choice
There was no significant association between diet and food choice (i) because it is healthy
(χ2(2) = 1.59, p = 0.452) and health-promoting (χ2(2) = 2.41, p = 0.300); or (ii) in order to obtain vitamins
(χ2(2) = 3.48, p = 0.175), minerals/trace elements (χ2(2) = 0.56, p = 0.757), antioxidants (χ2(2) = 4.25,
p = 0.119) and fiber (χ2(2) = 2.58, p = 0.276) (Table 4). Moreover, there was no significant association
between diet and the avoidance of the following ingredients (Table 4): refined sugar (χ2(2) = 3.95,
p = 0.138), fat in general (χ2(2) = 2.17, p = 0.339), white flour (χ2(2) = 3.42, p = 0.181), sweets (χ2(2) = 2.52,
p = 0.284), nibbles (χ2(2) = 0.15, p = 0.928), and alcohol (χ2(2) = 0.29, p = 0.864).
However, there was a significant effect of diet on food choice, both (i) because it is good for
maintaining health (χ2(2) = 5.99, p = 0.050), with vegetarians and vegans reporting doing so more
often; and (ii) in order to obtain phytochemicals (χ2(2) = 9.93, p = 0.007), with vegans reporting doing
so more often. Moreover, there was a significant association between diet and the avoidance of the
following ingredients (Table 4): sweetener (χ2(2) = 6.16, p = 0.046), saturated fats (χ2(2) = 9.82, p = 0.007),
cholesterol (χ2(2) = 21.60, p < 0.001), and caffeine (χ2(2) = 8.30, p = 0.016). Vegans were more likely to
report considering avoiding these ingredients in their food choice than vegetarians and omnivores.
Vegan athletes had the highest scores in food choice compared to the other dietary subgroups
(0.75 (0.20), F(2, 219) = 6.76, p = 0.001) (Figure 1b).
3.2.4. Dimension of Healthcare Utilization
There was no significant association between the use of regular health check-ups and diet (χ2(2)
= 1.91, p = 0.385) (Table 4). Vegan athletes had the highest scores with regard to healthcare utilization
(0.61 (0.49), F(2, 219) = 0.95, p = 0.389) (Figure 1b).
3.3. Results of the MANOVA
The findings of the MANOVA considering state of health are presented in Table 5, indicating
significant differences (p < 0.05) for the following results: (i) race distance (F = 3.39, Df = 2, p = 0.036)
and sex (F = 4.06, Df = 1, p = 0.045) had an effect on mental health, (ii) race distance had an impact on
chronic diseases and hypersensitivity reactions (F = 3.27, Df = 2, p = 0.040), (iii) an association between
sex and smoking habits (F = 4.22, Df = 1, p = 0.041), and (iv) an association between food choice and diet
(F = 6.10, Df = 2, p = 0.003), with vegans having the highest scores (0.75).
Table 5. Results of the MANOVA considering health status.

















Diet 0.75 2 0.475
Race Distance 0.49 2 0.613
Sex 0.62 1 0.432
Mental health
Diet 0.91 2 0.402
Race Distance 3.39 2 0.036
Sex 4.06 1 0.045
Chronic diseases and
hypersensitivity reactions
Diet 0.49 2 0.611
Race Distance 3.27 2 0.040
Sex 0.77 1 0.381
Medication intake
Diet 0.41 2 0.665
Race Distance 0.15 2 0.859
Sex 1.06 1 0.304
38
Nutrients 2019, 11, 29
Table 5. Cont.


















Diet 0.80 2 0.451
Race Distance 1.78 2 0.172
Sex 4.22 1 0.041
Supplement intake
Diet 0.14 2 0.866
Race Distance 0.93 2 0.395
Sex 1.91 1 0.168
Food choice
Diet 6.10 2 0.003
Race Distance 1.11 2 0.331
Sex 0.08 1 0.779
Healthcare utilization
Diet 0.96 2 0.385
Race Distance 1.52 2 0.222
Sex 2.14 1 0.145
F = F-value. Df = Degrees of freedom. p = p-value for difference among groups.
However, the overall health status derived from all dimensions showed differences between race
distances with statistical trend (F = 1.83, Df = 2, p = 0.71), but no significant differences were found for
either diet or sex.
4. Discussion
This study intended to investigate the health status of vegetarian and vegan endurance runners
and to compare it to omnivorous athletes, regarding potential differences in body weight, smoking
habits, stress perception, the prevalence of chronic and metabolic diseases, the prevalence of
allergies and food intolerances, medication and supplement intake, food choice, consumption of
performance-enhancing substances, and healthcare utilization. In terms of assessing the state of health
of endurance runners, it is generally accepted, that body weight, BMI and smoking behavior were
known to affect running performance.
The main findings were: (i) vegetarians and vegans weighed significantly less than omnivores,
(ii) vegans had the highest food choice scores, (iii) vegans reported choosing food because it is good for
maintaining health more often, (iv) vegans reported avoiding sweeteners, saturated fats, cholesterol,
and caffeine when choosing food more often, (v) vegans reported choosing food in order to obtain
phytochemicals more often, and (vi) vegans reported the lowest prevalence of allergies.
4.1. Body Weight and BMI
A first important finding was that both vegetarians and vegans had lower body weight (62.00 kg
(IQR 11.30) and 64.00 (IQR 10.00) kg, respectively) than omnivores (68.00 kg (IQR 16.70). At the same
time, the majority of all participants had a BMI which was within the normal range of 18.50–24.99
kg/m2 (80 % in omnivores vs. 87 % in vegetarians vs. 82 % in vegans) [21,22,24], with vegans having
the best body weight/BMI health scores.
BMI is a relevant parameter, since it is associated with an increased risk for diseases, such as
cardiovascular diseases, if it is higher than BMINORM, and with a couple of other disorders, such as
anorexia nervosa, if it is below BMINORM [21,22]. In addition, it is a key factor with regard to running
performance [24]. However, careful use and interpretation of the BMI is required. For example, the BMI
of active runners could be below the normal range without being pathological [23].
In the light of this, the findings of the present study were in line with previous literature, where
vegetarians and vegans also had lower BMI than meat-eaters [25–27]. Spencer et al. [28] attributed
these differences in body weight and BMI mainly to differences in macronutrient intake between
vegetarians, vegans, and omnivores. High protein and low fiber intakes were the factors most strongly
associated with increasing BMI. Considering the fact that running speed and endurance performance
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are significantly associated with body mass and BMI [24], vegetarian kinds of diet are known to be a
good basis for body weight control strategies for endurance athletes [7,16,29]. Meanwhile, athletes, as
well as their coaches, have to be particularly aware of unintended body weight loss [30], which is why
regular monitoring of body weight is recommended [27]. Beyond athletic concerns, vegetarian, but in
particular vegan, dietary patterns are known as to be useful for body weight control for people who
suffer from obesity and diabetes mellitus type 2 and hypercholesterinemia [12,13].
4.2. Vegetarians’ and Vegans’ Attitudes Towards Food Choice
While only the dimension food choice showed significant differences between dietary subgroups,
overall the vegan dietary subgroup displayed the highest health scores from all dimensions (except for
medication intake) and contributed to runners’ good state of health, ranging from 61%–91%.
A main result was that vegans showed the highest score (75%) in endurance runners in the
dimension food choice to contribute most beneficially to the overall state of health. This means that they
reported choosing food ingredients because they are good for maintaining health. This finding was
consistent with available scientific literature.
Studies of vegetarians and vegans have identified a range of motivations for dietary choices [8]
(p. 395), although personal health and animal welfare were predominant motives [31–33] (pp. 24–28).
It has also been shown that vegetarians and vegans usually have healthier lifestyles than omnivores [8,
34] (p. 393). Their healthy lifestyle is characterized by the avoidance of adverse health behaviors,
such as smoking and alcohol consumption, a high level of physical activity, and time for relaxation.
Moreover, vegetarians and vegans are usually well-educated, have a certain degree of intellectual
curiosity, and are open to new experiences [8] (p. 393). These findings match the results from the
present study and support the characterization of vegetarians, but vegans in particular, as being
health-conscious. However, all participants, meaning vegetarian, vegan, and omnivorous endurance
runners, reported health-reasons as being important for food and ingredients choice. This supports the
notion that athletes in general are health-conscious [35], but vegan athletes are supposed to be those
who care most about this specific health-related strategy [8] (p. 393).
However, there was no significant major effect of dietary subgroups on whether food or
ingredients had been chosen because they were healthy or health-promoting, even though there
was a slight predominance of vegetarian and vegan runners. This was not entirely in line with current
scientific evidence, as it has been shown that vegetarians and vegans are usually more health-conscious
than omnivores [33,34,36]. Notwithstanding this, the contradiction might be explained by the
composition of the sample. As all participants were endurance runners, who are known to be
health-conscious compared to non-active people of the general population [35], the predominance of
vegetarians and vegans might have been compensated for in this regard. Furthermore, the survey
was based on self-reporting, so the definition of what is healthy or health-promoting in terms
of food ingredients would depend on individual definitions based on personal suggestions and
beliefs. Therefore, the results might have been biased to a certain degree. However, as the majority
of all runners reported considering health aspects when choosing food, the findings support the
characterization of the participants as being health-conscious.
A further main result was that vegan participants reported choosing food ingredients in order
to avoid cholesterol, caffeine, sweetener and saturated fats more often. This finding was in line
with the literature as well [37] and supports the fact that vegans in particular are supposed to
be health-conscious.
Even though caffeine and cholesterol do not have detrimental health effects or may even have
beneficial health implications if they are consumed conscientiously [38,39], cholesterol, in particular,
is believed to be a crucial factor in the genesis of cardiovascular diseases [39]. Cholesterol is known
to be an important risk factor for cardiovascular disease due to the induction of the elevation of LDL
levels. It has also been found that HDL levels, which protect against cardiovascular diseases, increase
after cholesterol consumption, so moderate consumption has been recommended in some studies [39].
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However, to date the interactions between cholesterol intake and LDL and HDL blood levels have not
been revealed completely [40]. With regard to caffeine, moderate consumption can increase physical
and mental performance, while excessive intake can induce abuse or dependence [39]. Thus, it seems
likely that both substances can be consumed moderately without any severe harm. However, being
aware of potential detrimental side effects and therefore conscientious consumption is recommended.
Consumption of a high number of saturated fats is associated with cardiovascular diseases, such
as stroke, myocardial infarction, and hypertension [8] (p. 414). Since vegan diets are characterized
by a low percentage of saturated fats and a high percentage of omega-3 and omega-6 fatty acids [41],
adhering to a plant-based diet can be a good way to improve cardiovascular health.
Health-effects of artificial sweeteners are controversial. While a couple of these products,
such as aspartame, have previously received a generally recognized status as being safe from the
United States Food and Drug Administration, there is also evidence for detrimental effects, such
as the manifestation of glucose intolerance, weight gain and triggering of migraine in susceptible
individuals [42]). Moreover, carcinogen effects could not be ruled out yet [43]. Overall, avoiding
these agents appears to be advisable, so that the fact that the vegan endurance runners of our sample
reported avoiding ingestion of sweeteners characterized them as being particularly health-conscious
once again.
In addition to the avoidance of harmful substances, such as cholesterol and saturated fats, vegans
reported choosing food in order to obtain phytochemicals. This finding supports the fact that vegan
athletes are particularly health-conscious, since the consumption of phytochemical-rich foods is
an important benefit of any plant-based diet in that it might help to mitigate the effects of excess
inflammation and to promote recovery from training [41].
4.3. Allergies and Food Intolerances
There was a significant association between the prevalence of hypersensitivity reactions and
diet, whereby vegan endurance runners reported least often that they had at least one allergy (20% in
vegans vs. 32% in omnivores and 36% in vegetarians). Among those vegan endurance runners, 10-km
runners had the lowest prevalence of allergies. At the same time, omnivores reported having a food
intolerance least often (1% in omnivores vs. 10% in vegetarians and 12% in vegans).
Current evidence is sparse in this regard. One study has detected higher allergy rates among
vegetarians [44], whereas others found a protective effect of a diet rich in fruits and vegetables on the
occurrence of allergic asthma [45] and food allergies [46,47]. However, a relatively high incidence of
allergies in a sample of endurance runners is not unexpected. It is well known that endurance athletes
are more likely to have allergies (prevalence up to 13%) than people from the general population
(prevalence 7% to 8%) [48]. This is usually attributed to the amount of time runners spend outdoors,
which is supposed to be associated with a drying of the airways and an increased exposure to
airborne allergens [49]. In the light of this, the finding that the vegan 10-km runners reported the
lowest prevalence of allergies appears to be plausible because they usually have to cope with smaller
training volumes (daily and weekly mileage) to successfully compete over shorter race distances. As a
consequence, these runners do not spent as much time outdoors as long-distance runners, such as
half-marathoners and (ultra-)marathoners.
Regarding food intolerances, the current literature does not provide clear data in this regard.
One study indicated that a vegan diet might beneficially affect the intestinal flora, which seems to
lower the risk of irritable bowel disease [47], whereas another study identified a long-term vegetarian
diet as being the reason for the occurrence of irritable bowel disease [50]. However, endurance athletes,
in general, are supposed to be more susceptible to symptoms of food sensitivities, which can be similar
to those of irritable bowel disease. Constant training challenges the bowel to an extreme degree and
endurance running, in particular, might cause gastrointestinal complaints. Thus, the ability to cope
with additional gastrointestinal stress induced by food intolerances would be reduced [51].
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4.4. Stress Perception
There was no significant difference found between vegetarians, vegans, and omnivores in reported
stress and perceived pressure. Mental health scores were high, regardless of diet choice. However,
vegan endurance runners had the highest scores for mental health. These findings were in line with
previous studies, which showed that both endurance running [52,53] and adhering to a vegan dietary
pattern caused good mood states [54]. Certain characteristics of vegans, such as a high degree of
health-awareness [8] (p. 393), and the beneficial effects of endurance running, such as relaxation due to
physical activity and an increase in stress resilience [52,53], appear to be the key factors in this regard.
In the light of this, finding the optimal dose of endurance running appears to be relevant, since
too little exercise does not lead to a reduction in stress, whilst too much exercise might even increase
stress levels [52]. According to the findings of the present study, half-marathon running appears to be
a good way to cope with stress. These findings (unpublished data from our laboratory) are discussed
in detail elsewhere [55]. Moreover, among the participants of the present study, there was a slight male
predominance among those runners who reported as not suffering from stress. This was in line with
previous research where it was reported that male endurance athletes possess a slightly higher degree
of mental toughness than their female counterparts, allowing them to cope better with stress during
exercise and in everyday life [56].
4.5. Chronic Diseases
There was no significant differences between the dietary subgroups when considering heart
disease requiring treatment, state after heart attack, cancer, diabetes mellitus type 1 and 2,
hypothyroidism and hyperthyroidism. In addition, there was a low overall incidence of these diseases
among our participants. The only exceptions seemed to be apparently higher rates of cancer and
hypothyroidism among vegetarians and vegans, which could be explained by a statistical bias.
There were five females who had suffered from breast cancer. Three of them had decided to
change their dietary habits in favor of a vegetarian kind of diet after diagnosis of cancer, which skewed
the results. The higher prevalence of hypothyroidism could be explained by the female predominance
among the vegetarian and vegan subjects, as it is well known that eight times as many women suffer
from thyroid diseases in general, and in particular from hypothyroidism, than men [57].
The fact that there was no association between diet and the prevalence rates of chronic diseases
partially contradicts the body of evidence. Adhering to a vegetarian or vegan diet is usually associated
with a lower incidence of diabetes mellitus type 2 [7,12,13], hypothyroidism (Tonstad et al. 2013 [58]),
coronary artery disease [11,14], depression [54] and obesity [11] compared to an omnivorous diet.
However, this effect might be compensated for by the fact that all our subjects were endurance athletes,
who are usually supposed to be health-conscious, especially compared to non-active people of the
general population [35]. Furthermore, the mean age of our participants was quite low (43.00 ± 18.00 in
omnivores, 39.00 ± 16.00 in vegetarians, and 37.00 ± 15.00 in vegans), so that it can be assumed that
the peak age for the manifestation of most diseases had not been reached yet. Furthermore, the fact
that people who suffer from severe diseases usually do not become endurance runners might have led
to a certain decrease in prevalence rates as well.
4.6. Medication Intake
There was no significant association found between the intake of medication with diet.
All subgroups had similar medication intake scores. As there was a low prevalence of chronic diseases
among our subjects, it was not surprising that there was also a low number of athletes who had to take
any medication on a regular basis. The only exceptions were the intake of hormones and medication
for the thyroid. The relatively high number of athletes who take hormones could be explained by the
use of contraceptive pills or other interventions among the female runners. With regard to thyroid
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medication, the relatively high incidence rates of hypothyroidism among the female subjects (8%)
explains the number of subjects who were taking thyroid medication.
4.7. Smoking Habits
There was no significant association between diet and current or former smoking. Yet, a low rate of
smokers in vegetarian, vegan and omnivorous runners was observed. Vegetarians had the best scores
considering smoking habits. These findings were in line with previous research, which also showed low
numbers of smokers among vegetarians and vegans [59,60]. Although the low rates among endurance
runners could be explained by undesired performance limitations due to smoking [59], vegetarians
and vegans are often particularly health-conscious and therefore the number of smokers would be
quite low among them [8,60] (p. 393). In addition, we found that women were more likely to be
non-smokers compared to men, which was in line with previous research [61]. Nonetheless, in the past
years, the number of female smokers has increased, which is particularly displayed in the prevalence
of smoking associated diseases, such as lung cancer [61].
4.8. Supplement Intake
The finding that percentages of supplement intake were similar in all diet groups is consistent with
current evidence. At the same time, vegans had the highest supplement intake scores. These findings are
in line with previous research which showed that vegetarian kinds of diet are not lacking in critical
micronutrients and macronutrients, per se, but rather that nutrient deficits can occur in any kind of
diet [62]. Plant-based diets, such as a vegan dietary pattern, are not worse in terms of daily nutrient
intake than omnivorous kinds of diet [63]. A recent study showed that an omnivorous diet does not
meet the required amount of intake of six nutrients on average (calcium, folate, magnesium, iron,
copper, vitamin E), whereas in vegetarian diets the amount of the daily intake of three nutrients is too
low on average (calcium, zinc, vitamin B12) [9]. Another study has even revealed higher diet quality
scores in vegetarian runners than in non-vegetarian runners [17]. Thus, supplementation of certain
nutrients can be recommended for omnivores, vegetarians, and vegans alike [63]. More than this, these
findings underpinned the fact that vegans are particularly health-conscious, which has been confirmed
in other studies as well [8,60] (p. 393).
The most frequently taken supplement mentioned by the participants was vitamin D. Vitamin D
deficiency is usually not associated with a vegetarian or vegan diet [64], but is a common problem
in the general population [65] and in particular among endurance runners. It was found that there
is a very large difference between necessary and real intake in athletes, regardless of whether they
adhere to a vegetarian, vegan, or omnivorous diet [66]. Thus, all endurance athletes have to be aware
of vitamin D levels, irrespective of their dietary patterns.
4.9. Enhancement Substances
There was no significant association between dietary subgroups and the consumption of
enhancement substances or anything to cope with stress. Vegans reported the lowest use of
enhancement substances. As there was a low overall number of subjects who reported using such
substances (n = 32 for the consumption of enhancement substances, n = 18 for the consumption
of substances to cope with stress) it could be expected that the number among the dietary
subgroups would be quite low as well. It is noteworthy that these findings contradicted a previous
study by Wilson [18] who found that 40% of male marathon finishers reported the recent use of
performance-enhancing supplements. However, since our subjects did (almost) not report using such
substances, they are probably aware of the detrimental effects of substances to increase performance
and would, therefore, have avoided intake. This applies especially to the vegan participants, who are
known to be particularly health-conscious [8] (p. 393).
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4.10. Healthcare Utilization
Vegans had the highest scores in healthcare utilization, although scores were similar for all dietary
subgroups. Scientific data is sparse in this regard. In one study a higher need for healthcare has
been found among vegetarians [44]. However, since our results showed a good state of health in
vegan, vegetarian and omnivorous endurance runners, there seems to be no need for frequent doctor
consultations. Furthermore, physical activity, such as endurance running, prevents diseases which
could require consulting a doctor more frequently [52]. However, about half of the participants (54% in
omnivores, 49% in vegetarians, and 61% in vegans) reported making use of routine health checks.
Considering that the mean age of our participants was around 40 years, this was an encouraging
result, as most health checks for the early recognition and treatment of severe diseases in Europe are
recommended for people who are aged 40 years and older [67].
4.11. Limitations and Implications for Future Research
Some limitations of the study should be noted. The survey was based on self-reporting. Thus,
the reliability of the data depended on the conscientiousness of the participants. However, this effect
was controlled for diet, participation in running events and race distance by using control questions,
each separated from the respective main question and included in different sections of the questionnaire.
In addition, the small sample size and the pre-selection of the participants due to the fact that mainly
highly motivated runners took part led to a lack of statistical representativeness which might have
affected the results. Nonetheless, the high intrinsic motivation of the participants would also have
led to an increase in the accuracy of their answers and thus to a high quality of the generated data.
Moreover, it was striking that most subjects came from Germany (n = 177). This imbalance in the
composition of the sample may have several causes. First, Germany has a population of 82 million,
making it the largest German-speaking country [68]. As the core area of the present study were
German-speaking countries, this predominance is displayed in the sample of the present study. Second,
Germany has large vegetarian and vegan populations [69]. Since a couple of subjects were addressed
via trade fairs on vegetarian and vegan nutrition and lifestyle, it was likely that the number of German
participants would increase. Third, some of the largest running events, such as the Berlin Marathon [70],
take place in Germany. Together, this might have led to an increase in German participants.
Nevertheless, the data contributes to the growing scientific interest in and research on
vegetarianism and veganism as it relates to sports and exercise and can be taken as one step towards
creating a broad body of evidence in this regard. Future studies should be performed on large
randomized samples in order to improve statistical representativeness. Furthermore, measurement of
the health status could be elaborated by including additional parameters, such as energy metabolism
and fluid balance regulation. Thereby, the data generated from the participants’ self-report could
be specified.
5. Conclusions
In summary, the findings revealed that all endurance runners had a good health status, regardless
of the diet choice. At the same time, vegan athletes appeared to be extraordinarily health-conscious,
in particular due to their food choice habits. These findings support the notion that adhering to
vegetarian kinds of diet, but in particular to a vegan dietary pattern, is compatible with ambitious
endurance running and can be an appropriate, at least equal and healthy alternative to an omnivorous
diet for athletes.
Author Contributions: Conceptualization: B.K., C.L. (Claus Leitzmann), and K.W.; data curation: C.L. (Christoph
Lechleitner), G.W., and K.W.; formal analysis: C.L. (Christoph Lechleitner), G.W., P.B., and K.W.; funding
acquisition: K.W.; Investigation, K.W.; methodology: K.W.; project administration: K.W.; resources: C.L. (Christoph
Lechleitner), G.W., and K.W.; software: C.L. (Christoph Lechleitner) and G.W.; supervision: B.K., C.L. (Claus
Leitzmann), and K.W.; validation: K.W.; writing—original draft: P.B., T.R., and K.W.; writing—review and editing:
B.K. and K.W.
44
Nutrients 2019, 11, 29
Funding: This research received no external funding.
Acknowledgments: There are no professional relationships with companies or manufacturers who will benefit
from the results of the present study. Beyond that, this research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors. The results of the present study do not constitute
endorsement of the product by the authors.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Cona, G.; Cavazzana, A.; Paoli, A.; Marcolin, G.; Grainer, A.; Bisiacchi, P.S. It’s a matter of mind! Cognitive
functioning predicts the athletic performance in ultra-marathon runners. PLoS ONE 2015, 10, e0132943.
[CrossRef] [PubMed]
2. Joyner, M.J.; Coyle, E.F. Endurance exercise performance: The physiology of champions. J. Physiol. 2008, 586,
35–44. [CrossRef]
3. Hausswirth, C.; Lehénaff, D. Physiological demands of running during long distance runs and triathlons.
Sports Med. 2001, 31, 679–689. [CrossRef] [PubMed]
4. Deldicque, L.; Francaux, M. Recommendations for healthy nutrition in female endurance runners: An update.
Front. Nutr. 2015, 2, 17. [CrossRef] [PubMed]
5. Ormsbee, M.J.; Bach, C.W.; Baur, D.A. Pre-exercise nutrition: The role of macronutrients, modified starches
and supplements on metabolism and endurance performance. Nutrients 2014, 6, 1782–1808. [CrossRef]
6. Fuhrman, J.; Ferreri, D.M. Fueling the vegetarian (vegan) athlete. Curr. Sports Med. Rep. 2010, 9, 233–241.
[CrossRef] [PubMed]
7. Melina, V.; Craig, W.; Levin, S. Position of the academy of nutrition and dietetics: Vegetarian diets. J. Acad.
Nutr. Diet. 2016, 116, 1970–1980. [CrossRef]
8. Wirnitzer, K.C. Vegan nutrition: Latest boom in health and exercise. In Therapeutic, Probiotic, and
Unconventional Foods. Section 3: Unconventional Foods and Food Ingredients; Grumezescu, A.M., Holban, A.M.,
Eds.; Academic Press: Cambridge, MA, USA; Elsevier: Amsterdam, The Netherlands, 2018; Chapter 21;
pp. 387–453.
9. Turner, D.R.; Sinclair, W.H.; Knez, W.L. Nutritional adequacy of vegetarian and omnivore dietary intakes.
J. Nutr. Health Sci. 2014, 1, 201. [CrossRef]
10. Berkow, S.E.; Barnard, N. Vegetarian diets and weight status. Nutr. Rev. 2006, 64, 175–188. [CrossRef]
11. Kahleova, H.; Levin, S.; Barnard, N.D. Vegetarian dietary patterns and cardiovascular disease.
Prog. Cardiovasc. Dis. 2018, 61, 54–61. [CrossRef]
12. Kahleova, H.; Pelikanova, T. Vegetarian diets in the prevention and treatment of type 2 diabetes. J. Am.
Coll. Nutr. 2015, 34, 448–458. [CrossRef]
13. Kahleova, H.; Levin, S.; Barnard, N. Cardio-metabolic benefits of plant-based diets. Nutrients 2017, 9, 848.
[CrossRef]
14. Tuso, P.; Stoll, S.R.; Li, W.W. A plant-based diet, atherogenesis, and coronary artery disease prevention.
Perm J. 2015, 19, 62–67. [CrossRef] [PubMed]
15. Liu, X.; Yan, Y.; Li, F.; Zhang, D. Fruit and vegetable consumption and the risk of depression: A meta-analysis.
Nutrition 2016, 32, 296–302. [CrossRef] [PubMed]
16. Fraser, G.E. Associations between diet and cancer, ischemic heart disease, and all-cause mortality in
non-Hispanic white California Seventh-day Adventists. Am. J. Clin. Nutr. 1999, 70, 532S–538S. [CrossRef]
[PubMed]
17. Turner-McGrievy, G.M.; Moore, W.J.; Barr-Anderson, D. The interconnectedness of diet choice and distance
running: Results of the research understanding the nutrition of endurance runners (runner) study. Int. J. Sport
Nutr. Exerc. Metab. 2016, 26, 205–211. [CrossRef]
18. Wilson, P.B. Nutrition behaviors, perceptions, and belief of recent marathon finishers. Phys. Sportsmed. 2016,
44, 242–251. [CrossRef] [PubMed]
19. Diehl, K.; Thiel, A.; Zipfel, S.; Mayer, J.; Litaker, D.G.; Schneider, S. How healthy is the behavior of young
athletes? A systematic literature review and meta-analyses. J. Sports Sci. Med. 2012, 11, 201–220.
45
Nutrients 2019, 11, 29
20. Wirnitzer, K.; Seyfart, T.; Leitzmann, C.; Keller, M.; Wirnitzer, G.; Lechleitner, C.; Rüst, C.A.; Rosemann, T.;
Knechtle, B. Prevalence in running events and running performance of endurance runners following a
vegetarian or vegan diet compared to non-vegetarian endurance runners: The NURMI Study. SpringerPlus
2016, 5, 458. [CrossRef]
21. Word Health Organization (WHO). WHO Regional Office for Europe. Body Mass Index—BMI. Table 1.
Nutritional Status. 2018. Available online: http://www.euro.who.int/en/health-topics/disease-prevention/
nutrition/a-healthy-lifestyle/body-mass-index-bmi (accessed on 12 November 2018).
22. Word Health Organization (WHO). Global Health Observatory (GHO) Data. Mean Body Mass Index (BMI).
Situation and Trends. 2018. Available online: http://www.who.int/gho/ncd/risk_factors/bmi_text/en/
(accessed on 12 November 2018).
23. Marc, A.; Sedeaud, A.; Guillaume, M.; Rizk, M.; Schipman, J.; Antero-Jacquemin, J.; Haida, A.; Berthelot, G.;
Toussaint, J.F. Marathon progress: Demography, morphology and environment. J. Sports Sci. 2014, 32,
524–532. [CrossRef]
24. Sedeaud, A.; Marc, A.; Marck, A.; Dor, F.; Schipman, J.; Dorsey, M.; Haida, A.; Berthelot, G.; Toussaint, J.F.
BMI, a performance parameter for speed improvement. PLoS ONE 2014, 9, e90183. [CrossRef] [PubMed]
25. Barnard, N.D.; Levin, S.M.; Yokoyama, Y. A systematic review and meta-analysis of changes in body weight
in clinical trials of vegetarian diets. J. Acad. Nutr. Diet. 2015, 115, 954–969. [CrossRef] [PubMed]
26. Clarys, P.; Deliens, T.; Huybrechts, I.; Deriemaeker, P.; Vanaelst, B.; De Keyzer, W.; Hebbelinck, M.;
Mullie, P. Comparison of nutritional quality of the vegan, vegetarian, semi-vegetarian, pesco-vegetarian and
omnivorous diet. Nutrients 2014, 6, 1318–1332. [CrossRef] [PubMed]
27. Venderley, A.M.; Campbell, W.W. Vegetarian diets: Nutritional considerations for athletes. Sports Med. 2006,
36, 293–305. [CrossRef] [PubMed]
28. Spencer, E.A.; Appleby, P.N.; Davey, G.K.; Key, T.J. Diet and body mass index in 38000 EPIC-Oxford
meat-eaters, fish-eaters, vegetarians and vegans. Int. J. Obes. Relat. Metab. Disord. 2003, 27, 728–734.
[CrossRef] [PubMed]
29. Appleby, P.N.; Thorogood, M.; Mann, J.I.; Key, T.J. The Oxford Vegetarian Study: An overview. Am. J.
Clin. Nutr. 1999, 70, 525S–531S. [CrossRef] [PubMed]
30. Barr, S.I.; Rideout, C.A. Nutritional considerations for vegetarian athletes. Nutrition 2004, 20, 696–703.
[CrossRef] [PubMed]
31. Fox, N.; Ward, K.J. You are what you eat? Vegetarianism, health and identity. Soc. Sci. Med. 2008, 66,
2585–2595. [CrossRef] [PubMed]
32. Leitzmann, C.; Keller, M. Vegetarische Ernährung, Aktualisierte Auflage, ed.; UTB: Stuttgart, Germany, 2013.
33. Waldmann, A.; Koschizke, J.W.; Leitzmann, C.; Hahn, A. Dietary intakes and lifestyle factors of a vegan
population in Germany: Results from the German Vegan Study. Eur. J. Clin. Nutr. 2003, 57, 947–955.
[CrossRef] [PubMed]
34. Bedford, J.L.; Barr, S.I. Diets and selected lifestyle practices of self-defined adult vegetarians from a
population-based sample suggest they are more “health conscious”. Int. J. Behav. Nutr. Phys. Act. 2005, 2, 4.
[CrossRef]
35. Pate, R.R.; Trost, S.G.; Levin, S.; Dowda, M. Sports participation and health-related behaviors among us
youth. Arch. Pediatr. Adolesc. Med. 2000, 154, 904–911. [CrossRef] [PubMed]
36. Chang-Claude, J.; Hermann, S.; Eilber, U.; Steindorf, K. Lifestyle determinants and mortality in German
vegetarians and health-conscious persons: Results of a 21-year follow-up. Cancer Epidemiol. Biomark. Prev.
2005, 14, 963–968. [CrossRef] [PubMed]
37. Nieman, D.C.; Underwood, B.C.; Sherman, K.M.; Arabatzis, K.; Barbosa, J.C.; Johnson, M.; Shultz, T.D.
Dietary status of Seventh-Day Adventist vegetarian and non-vegetarian elderly women. J. Am. Diet. Assoc.
1989, 89, 1763–1769. [PubMed]
38. Cappelletti, S.; Piacentino, D.; Sani, G.; Aromatario, M. Caffeine: Cognitive and physical performance
enhancer or psychoactive drug? Curr. Neuropharmacol. 2015, 13, 71–88. [CrossRef] [PubMed]
39. Fernandez, M.L. Rethinking dietary cholesterol. Curr. Opin. Clin. Nutr. Metab. Care 2012, 15, 117–121.
[CrossRef]
40. Berger, S.; Raman, G.; Vishwanathan, R.; Jacques, P.F.; Johnson, E.J. Dietary cholesterol and cardiovascular
disease: A systematic review and meta-analysis. Am. J. Clin. Nutr. 2015, 102, 276–294. [CrossRef]
46
Nutrients 2019, 11, 29
41. Rogerson, D. Vegan diets: Practical advice for athletes and exercisers. J. Int. Soc. Sports Nutr. 2017, 14, 36.
[CrossRef]
42. Sharma, A.; Amarnath, S.; Thulasimani, M.; Ramaswamy, S. Artificial sweeteners as a sugar substitute:
Are they really safe? Indian J. Pharmacol. 2016, 48, 237–240. [CrossRef]
43. Soffritti, M.; Padovani, M.; Tibaldi, E.; Falcioni, L.; Manservisi, F.; Belpoggi, F. The carcinogenic effects of
aspartame: The urgent need for regulatory re-evaluation. Am. J. Ind. Med. 2014, 57, 383–397. [CrossRef]
44. Burkert, N.T.; Muckenhuber, J.; Großschädl, F.; Rásky, É.; Freidl, W. Nutrition and health—The association
between eating behavior and various health parameters: A matched sample study. PLoS ONE 2014, 9, e88278.
[CrossRef]
45. Romieu, I.; Varraso, R.; Avenel, V.; Leynaert, B.; Kauffmann, F.; Clavel-Chapelon, F. Fruit and vegetable
intakes and asthma in the E3N study. Thorax 2006, 61, 209–215. [CrossRef]
46. Du Toit, G.; Tsakok, T.; Lack, S.; Lack, G. Prevention of food allergy. J. Allergy Clin. Immunol. 2016, 137,
998–1010. [CrossRef] [PubMed]
47. Glick-Bauer, M.; Yeh, M.-C. The health advantage of a vegan diet: Exploring the gut microbiota connection.
Nutrients 2014, 6, 4822–4838. [CrossRef] [PubMed]
48. Van der Wall, E.E. Long-distance running: Running for a long life? Neth. Heart J. 2014, 22, 89–90. [CrossRef]
[PubMed]
49. Hoffman, M.D.; Krishnan, E. Health and exercise-related medical issues among 1,212 ultramarathon runners:
Baseline findings from the Ultrarunners longitudinal tracking (ULTRA) study. PLoS ONE 2014, 9, e83867.
[CrossRef] [PubMed]
50. Buscail, C.; Sabate, J.-M.; Bouchoucha, M.; Torres, M.J.; Allès, B.; Hercberg, S.; Benamouzig, R.; Julia, C.
Association between self-reported vegetarian diet and the irritable bowel syndrome in the French NutriNet
cohort. PLoS ONE 2017, 12, e0183039. [CrossRef]
51. Miall, A.; Khoo, A.; Rauch, C.; Snipe, R.M.J.; Camões-Costa, V.L.; Gibson, P.R.; Costa, R.J.S. Two weeks of
repetitive gut-challenge reduce exercise-associated gastrointestinal symptoms and malabsorption. Scand. J.
Med. Sci. Sports 2018, 28, 630–640. [CrossRef]
52. Shipway, R.; Holloway, I. Running free: Embracing a healthy lifestyle through distance running. Perspect.
Public Health 2010, 130, 270–276. [CrossRef]
53. Knechtle, B.; Quarella, A. Running helps—Or how you escape depression without a psychiatrist and end up
running a marathon! Praxis (Bern 1994) 2007, 96, 1351–1356. [CrossRef]
54. Beezhold, B.; Radnitz, C.; Rinne, A.; DiMatteo, J. Vegans report less stress and anxiety than omnivores.
Nutr. Neurosci. 2015, 18, 289–296. [CrossRef]
55. Boldt, P.; Knechtle, B.; Nikolaidis, P.; Lechleitner, C.; Wirnitzer, G.; Leitzmann, C.; Rosemann, T.; Wirnitzer, K.
Half-Marathoners Report Best Health Status—Results from the NURMI Study (Step 2). Unpublished data
from our laboratory. Eur. J. Sports Sci. under review.
56. Zeiger, J.S.; Zeiger, R.S. Mental toughness latent profiles in endurance athletes. PLoS ONE 2018, 13, e0193071.
[CrossRef] [PubMed]
57. Dunn, D.; Turner, C. Hypothyroidism in women. Nurs. Womens Health 2016, 20, 93–98. [CrossRef]
58. Tonstad, S.; Nathan, E.; Oda, K.; Fraser, G. Vegan diets and hypothyroidism. Nutrients 2013, 5, 4642–4652.
[CrossRef] [PubMed]
59. Marti, B.; Abelin, T.; Minder, C.E.; Vader, J.P. Smoking, alcohol consumption, and endurance capacity:
An analysis of 6,500 19-year-old conscripts and 4,100 joggers. Prev. Med. 1988, 17, 79–92. [CrossRef]
60. Appleby, P.N.; Crowe, F.L.; Bradbury, K.E.; Travis, R.C.; Key, T.J. Mortality in vegetarians and comparable
nonvegetarians in the United Kingdom. Am. J. Clin. Nutr. 2016, 103, 218–230. [CrossRef] [PubMed]
61. Peters, S.A.; Huxley, R.R.; Woodward, M. Do smoking habits differ between women and men in
contemporary Western populations? Evidence from half a million people in the UK Biobank study. BMJ Open
2014, 4, e005663. [CrossRef] [PubMed]
62. Schüpbach, R.; Wegmüller, R.; Berguerand, C.; Bui, M.; Herter-Aeberli, I. Micronutrient status and intake in
omnivores, vegetarians and vegans in Switzerland. Eur. J. Nutr. 2017, 56, 283–293. [CrossRef]
63. McDougall, C.; McDougall, J. Plant-Based Diets Are Not Nutritionally Deficient. Perm J. 2013, 17, 93.
[CrossRef]
64. Baig, J.A.; Sheikh, S.A.; Islam, I.; Kumar, M. Vitamin D status among vegetarians and non-vegetarians.
J. Ayub Med. Coll. Abbottabad 2013, 25, 152–155.
47
Nutrients 2019, 11, 29
65. Gani, L.U.; How, C.H. Vitamin D deficiency. Singap. Med. J. 2015, 56, 433–437. [CrossRef] [PubMed]
66. Larson-Meyer, E. Vitamin D supplementation in athletes. Nestle Nutr. Inst. Workshop Ser. 2013, 75, 109–121.
[CrossRef] [PubMed]
67. Schülein, S.; Taylor, K.J.; Schriefer, D.; Blettner, M.; Klug, S.J. Participation in preventive health check-ups
among 19,351 women in Germany. Prev. Med. Rep. 2017, 6, 23–26. [CrossRef] [PubMed]
68. Ehling, M.; Pötzsch, O. Demographic changes in Germany up to 2060—Consequences for blood donation.
Transfus. Med. Hemother. 2010, 37, 131–139. [CrossRef] [PubMed]
69. Leitzmann, C. Vegetarian nutrition: Past, present, future. Am. J. Clin. Nutr. 2014, 100, 496S–502S. [CrossRef]
[PubMed]
70. Haeusler, K.G.; Herm, J.; Kunze, C.; Krüll, M.; Brechtel, L.; Lock, J.; Hohenhaus, M.; Heuschmann, P.U.;
Fiebach, J.B.; Haverkamp, W.; et al. Rate of cardiac arrhythmias and silent brain lesions in experienced
marathon runners: Rationale, design and baseline data of the Berlin Beat of Running study. BMC Cardiovasc.
Disord. 2012, 12, 69. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution




Cardiometabolic Health in Relation to Lifestyle and
Body Weight Changes 3–8 Years Earlier
Tessa M. Van Elten 1,2,3,4,5,*, Mireille. N. M. Van Poppel 1,4,6, Reinoud J. B. J. Gemke 1,4,5,7,
Henk Groen 8, Annemieke Hoek 9, Ben W. Mol 10,11 and Tessa J. Roseboom 2,3,4,5
1 Department of Public and Occupational Health, Amsterdam UMC, Vrije Universiteit Amsterdam,
De Boelelaan, 1117 Amsterdam, The Netherlands; mireille.van-poppel@uni-graz.at (M.N.M.V.P.);
rjbj.gemke@vumc.nl (R.J.B.J.G.)
2 Department of Clinical Epidemiology, Biostatistics and Bioinformatics, University of Amsterdam,
Amsterdam UMC, Meibergdreef 9, 1105 AZ Amsterdam, The Netherlands; t.j.roseboom@amc.uva.nl
3 Department of Obstetrics and Gynecology, University of Amsterdam, Amsterdam UMC, Meibergdreef 9,
1105 AZ Amsterdam, The Netherlands
4 Amsterdam Public Health Research Institute, 1105 AZ Amsterdam, The Netherlands
5 Amsterdam Reproduction and Development, 1105 AZ Amsterdam, The Netherlands
6 Institute of Sport Science, University of Graz, 8010 Graz, Austria
7 Department of Pediatrics, Emma Childrens Hospital, Vrije Universiteit Amsterdam, Amsterdam UMC,
1081 HV Amsterdam, The Netherlands
8 Department of Epidemiology, University of Groningen, University Medical Centre Groningen,
9700 RB Groningen, The Netherlands; h.groen01@umcg.nl
9 Department of Obstetrics and Gynecology, University of Groningen, University Medical Centre, Groningen,
9700 RB Groningen, The Netherlands; a.hoek@umcg.nl
10 School of Medicine, The Robinson Institute, University of Adelaide, 5006 Adelaide, Australia;
b.w.mol@amc.uva.nl
11 Department of Obstetrics and Gynecology, Monash University, 3800 Melbourne, Australia
* Correspondence: t.vanelten@vumc.nl; Tel.: +31-20-444-5612
Received: 17 October 2018; Accepted: 26 November 2018; Published: 10 December 2018
Abstract: The degree to which individuals change their lifestyle in response to interventions differs
and this variation could affect cardiometabolic health. We examined if changes in dietary intake,
physical activity and weight of obese infertile women during the first six months of the LIFEstyle trial
were associated with cardiometabolic health 3–8 years later (N = 50–78). Lifestyle was assessed using
questionnaires and weight was measured at baseline, 3 and 6 months after randomization. BMI, blood
pressure, body composition, pulse wave velocity, glycemic parameters and lipid profile were assessed
3–8 years after randomization. Decreases in savory and sweet snack intake were associated with lower
HOMA-IR 3–8 years later, but these associations disappeared after adjustment for current lifestyle.
No other associations between changes in lifestyle or body weight during the first six months after
randomization with cardiovascular health 3–8 years later were observed. In conclusion, reductions
in snack intake were associated with reduced insulin resistance 3–8 years later, but adjustment for
current lifestyle reduced these associations. This indicates that changing lifestyle is an important first
step, but maintaining this change is needed for improving cardiometabolic health in the long-term.
Keywords: dietary intake; physical activity; body weight; lifestyle change; cardiometabolic health;
long-term follow-up
1. Introduction
Unhealthy diet, physical inactivity and a BMI over 25 kg/m2 are well known risk factors for
cardiovascular diseases (CVDs). It is therefore that primary prevention of CVDs focuses, among others,
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on improving these lifestyle factors and reducing body weight [1]. Observational studies showed
graded relationships between healthy changes in dietary intake, physical activity and body weight
over time and future cardiometabolic health. For example, improvements in diet [2], or transition
to a more active lifestyle [3] lowered risk of coronary heart disease among women in the Nurses’
Health Study.
Randomized controlled trials (RCTs) showed that improving lifestyle and reducing body
weight improved cardiometabolic health [4,5]. However, although lifestyle interventions can
improve cardiometabolic health, the effectiveness of lifestyle interventions varies [6,7]. For example,
a meta-analysis including 54 RCTs to determine the effect of aerobic exercise on blood pressure showed
that net change in blood pressure after following a physical activity intervention varied from −16.7 to
3.9 mmHg for systolic blood pressure and from −11.0 to 11.3 mmHg for diastolic blood pressure [8].
Despite the large variation in lifestyle and body weight change, the effects of a lifestyle intervention
are often described as a randomized group comparison. By studying the effect of absolute change
in lifestyle and body weight, more knowledge can be gathered on dose-response relationships and
potential thresholds between lifestyle and body weight change with later life cardiometabolic health.
This information will aid in improving primary prevention.
The LIFEstyle RCT enrolled obese infertile women, and allocated them to a six-month diet and
physical activity intervention or to prompt infertility treatment [9–11]. We previously showed that
the intervention lowered the intake of high caloric snacks and beverages and increased physical
activity in the short term [12], reduced body weight [11] and improved cardiometabolic health at the
end of the six-month intervention period [13]. Furthermore, women allocated to the intervention
group reported a lower energy intake at 5.5 years after randomization [14]. Individual responses to
the lifestyle intervention varied largely among study participants. The mean weight change in the
intervention group was −4.4 kg and the standard deviation of 5.8 kg underlines this large variation [11].
Also women allocated to the control group changed their lifestyle: 10.5% of the women in the control
group lost 5% or more of their original body weight [11]. Hence we here investigate individual changes
in lifestyle and body weight and relate these changes in dietary intake, physical activity and weight
during the first six months after randomization to cardiometabolic health 3–8 years later.
We hypothesized that women who increased their intake of vegetables and fruit, decreased their
intake of sugary drinks and snacks, became more physically active and lost more weight during the
first six months after randomization had a better cardiometabolic health 3–8 years after randomization
compared to women who did not show these improvements in lifestyle and weight. We therefore
examined if the change in dietary intake, physical activity and body weight of obese infertile women,
combining the intervention and control group, over the first six months of a preconception lifestyle
intervention study was associated with their cardiometabolic health 3–8 years after the start of
the study.
2. Materials and Methods
2.1. Study Population
The study population comprises all women who participated in the follow-up of the LIFEstyle
study. The LIFEstyle study was a multicenter randomized controlled trial (RCT), conducted between
2009 and 2014 in the Netherlands [9–11]. In total, 577 women between 18 and 39 years old, with a BMI
of ≥29 kg/m2 were randomized into a six-month structured lifestyle intervention (intervention group)
or infertility care as usual (control group). The lifestyle intervention focused on eating a healthy diet
according to the Dutch Dietary Guidelines 2006 [15], including a caloric reduction of 600 kcal/day but
not below 1200 kcal/day, and being physically active 2–3 times a week for at least 30 min at moderate
intensity (60–85% of maximum heart rate frequency). Women were additionally advised to increase
physical activity in daily life by taking at least 10,000 steps per day.
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At 3–8 years after randomization, 574 women were eligible to participate in the follow-up study
of the LIFEstyle RCT [16]. During the follow-up study, data were collected using questionnaires and
physical examinations. In the current study, we included all women that participated in the physical
examinations (N = 111; Figure 1).
 
Figure 1. Flow-chart of the study participants. MVPA = Moderate to Vigorous Physical Activity * N
depends on missing data in the combined models including independent variables and covariates.
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The study was conducted in accordance with the Declaration of Helsinki and all procedures
were approved by the Medical Ethics Committee of the University Medical Centre Groningen,
the Netherlands (METc 2008/284). Written informed consent was obtained from all participants
at the start of the LIFEstyle study as well as the start of the follow-up.
2.2. Assessment of Dietary Intake, Physical Activity and Body Weight to Calculate Change
In order to calculate change in lifestyle and body weight over the first six months of the study,
we used dietary intake, physical activity and body weight measures collected at baseline, 3 and
6 months after randomization in the lifestyle intervention study. Dietary intake was examined using
a 33-item food frequency questionnaire (FFQ) consisting of two parts. The first part was based on
the standardized questionnaire on food consumption used for the Public Health Monitor in the
Netherlands [17], asking about the type of cooking fats used, the consumed type of bread, frequency
of breakfast use, frequency of consumption and portion size of vegetables, fruits and fruit juice.
The questions on the intake of fruit, fruit juice and cooked vegetables were validated against two
24-h recalls. The estimated intake of fruit and fruit juice consumption based on the questionnaire
showed fairly strong comparability with the intake based on the two 24-h recalls, however the
comparability for cooked vegetables was weak [17]. The second part consisted of additional questions
about savory and sweet snack intake and the intake of soda. For all foods, frequency of consumption
per week or per months was asked and portion size was asked per standard household measure.
The presented portion sizes and food groups in the current study were pre-specified in the questions
of the FFQ. Dietary intake was studied as the intake of vegetables (raw as well as cooked; grams/day),
fruits (grams/day), sugar containing beverages (fruit juice and soda; glasses/day), savory snacks
(crisps, pretzels, nuts and peanuts; handful/week) and sweet snacks (biscuits, pieces of chocolate,
candies or liquorices; portion/week). One portion of sweet snacks included 2 biscuits, or 2 pieces of
chocolate, or 5 candies, or 5 pieces of liquorice.
Physical activity was examined using the validated Short QUestionnaire to ASsess
Health-enhancing physical activity (SQUASH) questionnaire [18]. This questionnaire asked about the
number of days per week, the average time per day or week (hours and/or minutes), and the intensity
(low, moderate, high) of physical activity in four domains: commuting activities, leisure time activities,
household activities, and activities at work and school. Physical activity was studied as total moderate
to vigorous physical activity (MVPA; hours/week).
Body weight (kg) was measured during hospital visits at baseline, 3 months and 6 months after
randomization by trained research nurses that were not involved in the lifestyle intervention coaching.
2.3. Cardiometabolic Health at Follow-Up
Cardiometabolic health 3–8 years after randomization was examined in a mobile research vehicle
by two researchers, using a standardized research protocol. Women were asked not to eat or drink
from 90 min onwards before the mobile research vehicle arrived at their home. They were additionally
asked not to drink caffeine containing beverages or to smoke from 12 h onwards before the physical
examination. Height and current weight were measured to calculate current BMI. Height was measured
to the nearest 0.1 cm using a wall stadiometer (SECA 206; SECA, Germany) on bare feet, with heels flat
on the ground at an angle of 90 degrees, head in Frankfort horizontal position and heels, back and
shoulders straight against the wall. Current weight was measured in underwear to the nearest 0.1 kg
using a digital weighting scale (SECA 877; SECA, Germany), while the participant was standing still
and looking straight ahead. All measurements were done twice, and in case of >0.5 cm difference in
height and >0.5 kg difference in weight, a third measurement was performed. After sitting quietly for
5 min, blood pressure was measured three times at heart level, at the non-dominant arm, using an
automatic measurement device (Omron HBP-1300; OMRON Healthcare, The Netherlands) with
appropriate cuff size. The three measurements were done using a 30 s time interval and women were
not allowed to talk in between, move, cross their legs or tense their arm muscles. Body composition
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was measured twice by bio-electrical impedance (BIA; Bodystat 1500; Bodystat Ltd., Isle of Man,
UK) after lying quietly for 5 min. On beforehand participants were asked to take of any jewelry,
belts, piercings, etc. which could affect the BIA measurements. After cleaning the skin with alcohol,
electrode strips were attached at the dorsal side of the left hand and foot with at least 3–5 cm in
between the two electrodes. Women were instructed not to talk in between the measurements and
attention was paid that arms and legs did not touch other parts of the body. A third measurement was
performed in case the impedance or resistance differed >5Ω. Fat mass and fat free mass were calculated
using equation of Kyle and colleagues [19]. Immediately after the BIA measurement, still in supine
position, carotid-femoral pulse wave velocity (PWV) was measured twice using the Complior Analyse
(Complior; Alam Medical, Saint-Quentin-Fallavier, France). Mechanotransducer censors were placed
at the carotid artery on the right side and on the femoral artery on the left side. Blood pressure in
lying position was measured once before the actual measurement started and entered in the Complior
software. Directly after the measurement, distance between both censors was measured and also
entered in the Complior software. In case of >10% difference in PWV between both measurements,
a third measurement was done. The following equation was used to calculate PWV: PWV = 0.8 ×
(distance between the carotis and fermoralis measuring site/Δ time between upstrokes of pressure
waves) [20].
Apart from the physical examinations, a trained nurse visited the participants at home
to draw a venous blood sample after an overnight fast. All venous blood samples were
analyzed at the biochemical laboratory of the Amsterdam UMC. We examined metabolic
health by fasting serum concentrations of glucose (Roche cobas 8000, c702; Roche Diagnostics,
Rotkreuz, Switzerland) and insulin (Centaur XP; Siemens, Munich, Germany), triglycerides
(Roche cobas 8000, c702; Roche Diagnostics, Switzerland), total cholesterol (Roche cobas 8000,
c502; Roche Diagnostics, Switzerland) and high density (HDL-C) lipoprotein cholesterol (Roche
cobas 8000, c702; Roche Diagnostics, Switzerland). Low density (LDL-C) lipoprotein cholesterol
was calculated using the following formula; (total cholesterol) − (high density lipoprotein
cholesterol) − 0.45 × (triglycerides). Furthermore, insulin resistance (HOMA-IR) was calculated as
fasting insulin concentration in μU/mL multiplied by fasting glucose concentration in mmol/L
divided by 22.5. We additionally examined if metabolic syndrome was present or not. If present,
participant met at least three of the following criteria determined by the American Heart Association:
glucose ≥ 5.6 mmol/L, HDL-C < 1.3 mmol/L, triglycerides ≥ 1.7 mmol/L, waist circumference ≥ 88 cm
or blood pressure ≥ 130/85 mmHg [21].
2.4. Statistical Analysis
We used linear regression models to study the association between the change in dietary intake,
physical activity, and weight during the first six months after randomization and cardiometabolic health
3–8 years later. Results are displayed as betas (β) and 95% confidence intervals (C.I.). For metabolic
syndrome, logistic regression was used and results are displayed as odds ratios (OR) and 95%
C.I. We recalculated the intake of vegetables and fruits into 10 g/day dividing the change by ten.
Our regression models therefore display the effect on cardiometabolic health per 10 g change of
vegetable intake and fruit intake per day.
For the descriptive statistics the change in lifestyle and body weight over time was calculated
by subtracting the baseline measurement from the last know measurement at preferably 6 months or
otherwise 3 months after randomization (Table S1). In most women, the last known measurement
was at six months after randomization, but when missing, the measurement at three months after
randomization was used (N = 5). This means that a higher change score for vegetable intake,
fruit intake, and MVPA is healthier, while a higher change score for sugary drink intake, savory and
sweet snack intake, and weight change (higher means weight gain instead of weight loss) is unhealthier.
In our regression models, the change in vegetable intake, fruit intake and MVPA was calculated by
subtracting the baseline measurement from the last known measurement. The change in sugary
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drinks, savory and sweet snack intake and body weight was calculated by subtracting the last known
measurement from the baseline measurement. An increase in change score in our regression models is
favorable, reflecting an increase in vegetable intake, fruit intake and MVPA, and a decrease in sugary
drink intake, savory and sweet snack intake and body weight.
All crude regression models were corrected for baseline cardiometabolic health, depending on
the outcome variable (e.g., BMI at follow-up was corrected for BMI at baseline), with exception of
fat mass, fat free mass, and PWV as these outcomes were not measured at baseline. We therefore
corrected fat mass and fat free mass models for baseline BMI [22], and PWV models for baseline
systolic blood pressure [23]. Based on literature [24] and the associations with both the change
variables and the outcome variables, we corrected the adjusted regression models additionally for
(1) smoking at follow-up (yes/no; self-reported by means of a questionnaire); (2) current dietary
intake, depending on which food group is added into the model; e.g., if we examined the association
between the change in vegetable intake during the first six months after randomization and current
BMI, we corrected for current vegetable intake, and when examining the effect of MVPA we corrected
for total current energy intake (kcal/day). Current dietary intake, i.e., dietary intake during follow-up,
was assessed with the same 33-item FFQ as described previously [17]; (3) current MVPA (min/day),
i.e., MVPA during follow-up, which was measured for seven consecutive days using the triaxial
Actigraph wGT3X-BT or GT3X+ accelerometer [25]. Freedson cut-off points were used to determine the
number of minutes per day in MVPA (≥1952 counts/min) [26]. We additionally added randomization
group (intervention/control group) and time between randomization and follow-up (years) into
the adjusted model to see if this affected the effect estimates. As women got pregnant during the
LIFEstyle study, some diet, physical activity and weight measurements were collected during early
pregnancy. We therefore once excluded measurements collected during pregnancy to see if effect
estimates changed.
Statistical analyses were performed using the software Statistical Package for the Social
Sciences (SPSS) version 24 for Windows (SPSS, Chicago, IL, USA). p-values <0.05 were considered
statistically significant.
3. Results
Of the 577 women randomly allocated to the intervention and control group during the trial,
574 women were eligible to participate in the physical examinations at 3–8 years after the intervention
(Figure 1). Of these eligible women, 121 were willing to participate in the follow up study and signed
informed consent (21.1%) and we collected data of 111 women. Because of missing data regarding the
change in dietary intake, physical activity, weight and the covariates, we were able to include 50 up to
78 women in our regression analyses.
Mean age of the women during physical examination was 36.4 years (SD = 4.3), most of them
were Caucasian (94.6%), had an intermediate vocational education (49.1%) and were obese at 3–8 years
after the intervention (mean BMI = 35.5 kg/m2 (SD = 5.3); Table 1). Baseline characteristics, collected
during the LIFEstyle RCT, did not differ between participants (N = 111) and non-participants (N = 463)
of the follow-up study (N = 111), with exception of ethnicity and the change in sweet snack intake
(Table S1). Participants were more often of Caucasian origin (94.6%) compared to non-participants
(85.7%). Additionally, the change in sweet snacks during the first six months after randomization
was lower in the participants (−0.1 portions/week (SD = 5.6)) compared to the non-participants
(−3.3 portions/week (SD = 10.2)).
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Table 1. Characteristics and cardiometabolic health of the study population (N = 111).
Age at follow-up (years; mean; SD) 36.4 (4.3)
Caucasian (N; %) 105 (94.6)
Education level (N; %)
No education or primary school (4–12 years) 1 (0.9)
Secondary education 25 (23.6)
Intermediate Vocational Education 52 (49.1)
Higher Vocational Education or University 28 (26.4)
Body Mass Index at randomization (kg/m2; mean; SD) 35.7 (3.0)
Current smoker at follow-up (yes; N; %) 16 (15.5)
PCOS (yes; N; %) 43 (38.7)
Nulliparous at follow-up (yes; N; %) 21 (20.8)
Familial predisposition cardiovascular diseases (yes; N; %) 92 (89.3)
Gestational diabetes (yes; N; %) * 18 (17.5)
(Pre-)eclampsia (yes; N; %) * 16 (15.5)
HELLP syndrome (yes; %; N) * 7 (6.8)
Randomization group (intervention group; N; %) 50 (45.0)
Cardiovascular outcomes at follow-up
Body Mass Index 3–8 years after randomization (kg/m2; mean; SD) 35.5 (5.3)
Systolic blood pressure (mmHg; mean; SD) 120.4 (14.4)
Diastolic blood pressure (mmHg; mean; SD) 81.7 (9.5)
Fat mass (% of total body weight; mean; SD) 43.1 (4.3)
Fat free mass (kg; mean; SD) 56.9 (6.5)
Pulse Wave Velocity (m/s; mean; SD) 7.2 (2.0)
Metabolic outcomes at follow-up
Glucose (mmol/L; mean; SD) 5.3 (0.7)
Insulin (pmol/L; mean; SD) 81.7 (53.1)
HOMA-IR (mean; SD) 3.4 (2.8)
Triglycerides (mmol/L; mean; SD) 1.2 (0.8)
Total cholesterol (mmol/L; mean; SD) 4.6 (0.9)
LDL-C (mmol/L; mean; SD) 2.8 (0.8)
HDL-C (mmol/L; mean; SD) 1.3 (0.3)
Metabolic syndrome at follow-up (yes; N; %) 40 (40.0)
PCOS = Polycystic Ovary Syndrome; HELLP = syndrome characterized by hemolysis (H), elevated liver
enzymes (EL) and low platelet count (LP); HOMA-IR = Homeostatic Model Assessment of Insulin Resistance;
LDL-C = low-density lipoproteins cholesterol; HDL-C = high-density lipoproteins cholesterol. * Diagnosed with
these pregnancy complications during any pregnancy in the past.
Table 2 shows the change in dietary intake, physical activity and body weight during the first six
months of the LIFEstyle study in our study population.
We did not observe the hypothesized associations between increases in vegetable intake,
fruit intake and MVPA during the first six months of the LIFEstyle study with a more favorable
BMI, blood pressure, body composition, PWV and metabolic health 3–8 years later (Table 3).
Furthermore, decreased sugary drink intake and body weight were not associated with a more
favorable cardiovascular health 3–8 years later. A decrease in savory snacks intake during the first six
months after randomization was associated with a lower HOMA-IR at follow-up (crude model: −0.16
(−0.32; −0.001); p = 0.049). This association disappeared after adjustment for smoking, current savory
snack intake and current MVPA (adjusted model: −0.09 (−0.28; 0.09); p = 0.33). Changes in savory
snack intake were not associated with women’s BMI, blood pressure, body composition, PWV or other
metabolic outcomes at follow-up. Furthermore, a decrease in sweet snacks intake during the first six
months after randomization was associated with a lower HOMA-IR at follow-up (crude model: −0.16
(−0.06; −0.06); p = 0.003). Also this association disappeared after adjustment for smoking, current
sweet snack intake and current MVPA (adjusted model: 0.01 (−0.09; 0.12); p = 0.84).
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Table 2. Change in dietary intake, physical activity and weight during the first six months of the
LIFEstyle study in the study population included for follow-up *.
Change in N Mean (SD) Median (IQR)
Vegetable intake (grams/day) 95 1.92 (58.70) 3.57 (−28.57; 35.71)
Fruit intake (grams/day) 95 25.56 (75.61) 14.29 (0.00; 85.71)
Sugary drinks (glasses/day) 83 −0.43 (1.81) 0.00 (−0.84; 0.21)
Savory snacks (handful/week) 88 −1.67 (5.57) 0.00 (−4.18; 0.57)
Sweet snacks (portion/week) 88 −0.15 (5.63) 0.00 (−2.61; 1.62)
Total MVPA (hour/week) 93 1.05 (12.1) 0.83 (−3.25; 6.13)
Body weight (kilograms) 84 −2.62 (5.10) −2.10 (−4.68; 0.68)
MVPA = Moderate to Vigorous Physical Activity. * For all variables the change was calculated as preferably 6 months
or otherwise 3 months minus baseline. If a higher score on the change variable is favorable or not depends on the
independent variable of interest: A higher change score for vegetable intake, fruit intake, and MVPA is healthier,
while a higher change score for sugary drink intake, savory and sweet snack intake, and weight change (higher
means weight gain instead of weight loss) is unhealthier.
Table 3. Association between the change in dietary intake and physical activity during the
preconception lifestyle intervention and cardiometabolic health 3–8 years after randomization †.
N
Crude Model * Adjusted Model **
β (95% C.I.) p β (95% C.I.) p
Change in Vegetable Intake (10 g/day)
Body Mass Index (kg/m2) 76 −0.02 (−0.23; 0.19) 0.85 −0.04 (−0.25; 0.17) 0.71
Systolic blood pressure (mmHg) 74 0.50 (−0.07; 1.07) 0.08 0.49 (−0.11; 1.09) 0.11
Diastolic blood pressure (mmHg) 74 0.31 (−0.05; 0.68) 0.09 0.32 (−0.06; 0.70) 0.10
Fat mass (% of total body weight) 76 −0.04 (−0.21; 0.13) 0.64 −0.04 (−0.21; 0.14) 0.68
Fat free mass (kg) 76 0.14 (−0.14; 0.41) 0.33 0.10 (−0.18; 0.38) 0.47
Pulse Wave Velocity (m/s) 60 0.02 (−0.09; 0.14) 0.66 −0.004 (−0.13; 0.12) 0.95
Glucose (mmol/L) 64 −0.01 (−0.05; 0.02) 0.46 −0.01 (−0.05; 0.02) 0.52
Insulin (pmol/L) 63 0.56 (−1.35; 2.47) 0.56 1.03 (−0.94; 3.01) 0.30
HOMA-IR 61 0.001 (−0.11; 0.11) 0.99 0.02 (−0.10; 0.14) 0.72
Triglycerides (mmol/L) 64 −0.02 (−0.04; 0.01) 0.16 −0.01 (−0.03; 0.01) 0.33
Total cholesterol (mmol/L) 64 0.01 (−0.02; 0.05) 0.42 0.02 (−0.01; 0.06) 0.24
LDL-C (mmol/L) 64 0.02 (−0.01; 0.05) 0.15 0.02 (−0.01; 0.05) 0.14
HDL-C (mmol/L) 64 −0.002 (−0.01; 0.01) 0.70 −0.001 (−0.01; 0.01) 0.92
Change in fruit intake (10 g/day)
Body Mass Index (kg/m2) 78 0.08 (−0.10; 0.26) 0.37 0.13 (−0.07; 0.32) 0.20
Systolic blood pressure (mmHg) 76 −0.09 (−0.59; 0.41) 0.72 −0.31 (−0.87; 0.25) 0.28
Diastolic blood pressure (mmHg) 76 0.00 (−0.32; 0.33) >0.99 −0.04 (−0.41; 0.32) 0.81
Fat mass (% of total body weight) 78 0.10 (−0.05; 0.24) 0.19 0.12 (−0.04; 0.28) 0.13
Fat free mass (kg) 78 0.20 (−0.04; 0.44) 0.09 0.25 (−0.01; 0.52) 0.06
Pulse Wave Velocity (m/s) 63 −0.05 (−0.16; 0.05) 0.30 −0.05 (−0.16; 0.07) 0.39
Glucose (mmol/L) 66 0.03 (−0.01; 0.06) 0.12 0.01 (−0.02; 0.05) 0.41
Insulin (pmol/L) 65 0.52 (−1.26; 2.30) 0.56 0.52 (−1.40; 2.44) 0.59
HOMA-IR 63 −0.01 (−0.11; 0.10) 0.89 −0.02 (−0.14; 0.09) 0.72
Triglycerides (mmol/L) 66 −0.004 (−0.03; 0.02) 0.67 0.00 (−0.02; 0.02) 0.97
Total cholesterol (mmol/L) 66 0.03 (−0.002; 0.06) 0.07 0.02 (−0.01; 0.05) 0.27
LDL-C (mmol/L) 66 0.02 (−0.003; 0.05) 0.08 0.02 (−0.01; 0.04) 0.26
HDL-C (mmol/L) 66 0.003 (−0.01; 0.01) 0.57 −0.002 (−0.01; 0.01) 0.73
56
Nutrients 2018, 10, 1953
Table 3. Cont.
N
Crude Model * Adjusted Model **
β (95% C.I.) p β (95% C.I.) p
Change in sugary drink intake (glass/day)
Body Mass Index (kg/m2) 62 0.46 (−0.71; 1.62) 0.44 0.42 (−0.79; 1.62) 0.49
Systolic blood pressure (mmHg) 60 2.04 (−1.55; 5.63) 0.26 2.34 (−1.34; 6.02) 0.21
Diastolic blood pressure (mmHg) 60 1.39 (−0.96; 3.74) 0.24 1.55 (−0.91; 4.00) 0.21
Fat mass (% of total body weight) 62 0.56 (−0.38; 1.50) 0.24 0.54 (−0.46; 1.54) 0.28
Fat free mass (kg) 62 0.58 (−1.15; 2.31) 0.50 0.48 (−1.32; 2.28) 0.60
Pulse Wave Velocity (m/s) 50 0.19 (−0.37; 0.76) 0.50 0.16 (−0.44; 0.75) 0.60
Glucose (mmol/L) 54 −0.03 (−0.27; 0.22) 0.84 −0.04 (−0.29; 0.21) 0.76
Insulin (pmol/L) 53 2.01 (−8.17; 12.19) 0.69 3.70 (−7.04; 14.44) 0.49
HOMA-IR 51 −0.20 (−0.90; 0.51) 0.57 −0.02 (−0.77; 0.72) 0.95
Triglycerides (mmol/L) 54 0.02 (−0.13; 0.16) 0.84 0.03 (−0.13; 0.18) 0.74
Total cholesterol (mmol/L) 54 0.07 (−0.11; 0.26) 0.44 0.06 (−0.13; 0.25) 0.56
LDL-C (mmol/L) 54 0.12 (−0.04; 0.29) 0.13 0.10 (−0.06; 0.27) 0.21
HDL-C (mmol/L) 54 −0.06 (−0.13; 0.01) 0.07 −0.07 (−0.13; 0.003) 0.06
Change in savory snack intake (handful/week)
Body Mass Index (kg/m2) 72 0.05 (−0.20; 0.29) 0.72 0.21 (−0.06; 0.47) 0.12
Systolic blood pressure (mmHg) 70 0.25 (−0.47; 0.97) 0.49 0.45 (−0.35; 1.26) 0.26
Diastolic blood pressure (mmHg) 70 0.18 (−0.29; 0.65) 0.44 0.38 (−0.14; 0.90) 0.15
Fat mass (% of total body weight) 72 0.003 (−0.20; 0.20) 0.98 0.09 (−0.13; 0.31) 0.42
Fat free mass (kg) 72 −0.02 (−0.39; 0.36) 0.94 0.21 (−0.19; 0.60) 0.30
Pulse Wave Velocity (m/s) 58 0.04 (−0.06; 0.15) 0.44 0.04 (−0.08; 0.16) 0.49
Glucose (mmol/L) 62 −0.03 (−0.08; 0.02) 0.25 −0.02 (−0.08; 0.04) 0.57
Insulin (pmol/L) 61 −1.57 (−4.08; 0.95) 0.22 0.04 (−2.81; 2.88) 0.98
HOMA-IR 59 −0.16 (−0.32;−0.001) 0.049 −0.09 (−0.28; 0.09) 0.33
Triglycerides (mmol/L) 62 −0.02 (−0.06; 0.01) 0.17 −0.02 (−0.06; 0.02) 0.29
Total cholesterol (mmol/L) 62 −0.01 (−0.06; 0.04) 0.65 −0.02 (−0.08; 0.03) 0.42
LDL-C (mmol/L) 62 −0.001 (−0.04; 0.04) 0.95 −0.01 (−0.06; 0.04) 0.74
HDL-C (mmol/L) 62 −0.002 (−0.02; 0.02) 0.81 −0.01 (−0.03; 0.01) 0.42
Change in sweet snack intake (portion/week)
Body Mass Index (kg/m2) 72 −0.10 (−0.29; 0.09) 0.30 −0.04 (−0.26; 0.17) 0.69
Systolic blood pressure (mmHg) 70 0.34 (−0.23; 0.92) 0.23 0.30 (−0.38; 0.98) 0.38
Diastolic blood pressure (mmHg) 70 0.25 (−0.11; 0.62) 0.17 0.30 (−0.13; 0.74) 0.17
Fat mass (% of total body weight) 72 −0.09 (−0.24; 0.06) 0.24 −0.04 (−0.21; 0.13) 0.65
Fat free mass (kg) 72 −0.04 (−0.32; 0.24) 0.76 0.04 (−0.28; 0.36) 0.79
Pulse Wave Velocity (m/s) 58 0.05 (−0.05; 0.16) 0.29 0.04 (−0.07; 0.14) 0.47
Glucose (mmol/L) 62 −0.03 (−0.07; 0.001) 0.06 −0.002 (−0.04; 0.04) 0.90
Insulin (pmol/L) 61 −1.16 (−2.84; 0.53) 0.18 0.57 (−1.37; 2.52) 0.56
HOMA-IR 59 −0.16 (−0.26;−0.06) 0.003 0.01 (−0.09; 0.12) 0.84
Triglycerides (mmol/L) 62 −0.02 (−0.04; 0.01) 0.17 −0.02 (−0.05; 0.01) 0.12
Total cholesterol (mmol/L) 62 0.02 (−0.01; 0.06) 0.18 0.01 (−0.04; 0.05) 0.71
LDL-C (mmol/L) 62 0.02 (−0.01; 0.05) 0.12 0.02 (−0.02; 0.05) 0.41
HDL-C (mmol/L) 62 0.004 (−0.01; 0.02) 0.52 −0.002 (−0.02; 0.01) 0.82
Change in total MVPA (hour/week)
Body Mass Index (kg/m2) 76 −0.03 (−0.14; 0.09) 0.64 0.05 (−0.07; 0.16) 0.43
Systolic blood pressure (mmHg) 74 0.14 (−0.19; 0.46) 0.41 0.11 (−0.24; 0.47) 0.53
Diastolic blood pressure (mmHg) 74 −0.10 (−0.31; 0.10) 0.32 −0.09 (−0.31; 0.14) 0.44
Fat mass (% of total body weight) 76 −0.01 (−0.11; 0.08) 0.76 0.03 (−0.07; 0.13) 0.51
Fat free mass (kg) 76 0.09 (−0.06; 0.24) 0.25 0.14 (−0.02; 0.30) 0.09
Pulse Wave Velocity (m/s) 61 0.02 (−0.05; 0.09) 0.56 0.003 (−0.07; 0.07) 0.94
Glucose (mmol/L) 64 −0.01 (−0.03; 0.01) 0.26 −0.01 (−0.03; 0.02) 0.61
Insulin (pmol/L) 63 −0.59 (−1.74; 0.56) 0.31 −0.25 (−1.48; 0.99) 0.69
HOMA-IR 61 −0.03 (−0.10; 0.04) 0.39 −0.003 (−0.08; 0.07) 0.94
Triglycerides (mmol/L) 64 −0.001 (−0.02; 0.01) 0.86 0.002 (−0.01; 0.02) 0.76
Total cholesterol (mmol/L) 64 −0.01 (−0.03; 0.01) 0.38 −0.01 (−0.03; 0.02) 0.54
LDL-C (mmol/L) 64 −0.01 (−0.03; 0.01) 0.22 −0.01 (−0.03; 0.01) 0.42
HDL-C (mmol/L) 64 0.004 (−0.003; 0.01) 0.28 0.002 (−0.01; 0.01) 0.60
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Table 3. Cont.
N
Crude Model * Adjusted Model **
β (95% C.I.) p β (95% C.I.) p
Change in body weight during the intervention (kilograms)
Body Mass Index (kg/m2) 66 −0.12 (−0.35; 0.11) 0.31 −0.15 (−0.36; 0.06) 0.17
Systolic blood pressure (mmHg) 65 −0.27 (−0.89; 0.35) 0.38 −0.32 (−0.95; 0.32) 0.32
Diastolic blood pressure (mmHg) 65 −0.19 (−0.61; 0.23) 0.38 −0.22 (−0.65; 0.21) 0.31
Fat mass (% of total body weight) 66 −0.02 (−0.20; 0.16) 0.79 −0.04 (−0.22; 0.14) 0.65
Fat free mass (kg) 66 −0.14 (−0.42; 0.14) 0.32 −0.18 (−0.44; 0.08) 0.17
Pulse Wave Velocity (m/s) 53 0.02 (−0.07; 0.11) 0.63 0.02 (−0.07; 0.10) 0.69
Glucose (mmol/L) 55 0.001 (−0.05; 0.05) 0.98 −0.004 (−0.05; 0.04) 0.88
Insulin (pmol/L) 54 1.97 (−0.67; 4.61) 0.14 1.53 (−0.94; 3.99) 0.22
HOMA-IR 53 0.12 (−0.04; 0.28) 0.13 0.09 (−0.05; 0.24) 0.21
Triglycerides (mmol/L) 55 −0.01 (−0.03; 0.02) 0.65 −0.01 (−0.03; 0.02) 0.58
Total cholesterol (mmol/L) 55 −0.01 (−0.05; 0.04) 0.74 −0.004 (−0.05; 0.04) 0.87
LDL-C (mmol/L) 55 −0.01 (−0.05; 0.03) 0.61 −0.01 (−0.05; 0.03) 0.61
HDL-C (mmol/L) 55 0.01 (−0.01; 0.03) 0.24 0.01 (−0.001; 0.03) 0.06
MVPA = Moderate to Vigorous Physical Activity; HOMA-IR = Homeostatic Model Assessment of Insulin Resistance;
LDL-C = low-density lipoproteins cholesterol; HDL-C = high-density lipoproteins cholesterol. † Change was
calculated as preferably 6 months or otherwise 3 months minus baseline for vegetable intake, fruit intake and MVPA,
and for sugary drink intake, snack intake and body weight, change was calculated as baseline minus preferably 6
months or otherwise 3 months. * The crude model is adjusted for baseline health outcomes and baseline lifestyle
behavior. ** Model further adjusted for smoking (yes/no), current diet behavior depending on the variable of
interest (e.g., in case of change in vegetable intake the model is adjusted for current vegetable intake, in case of
MVPA the current dietary behavior is defined as current kcal intake) and current MVPA (min/day).
Dietary intake, physical activity and weight change during the first six months after randomization
were not associated with having metabolic syndrome at follow-up (Table 4).
Table 4. Association between the change in dietary intake and physical activity during the
preconception lifestyle intervention and metabolic syndrome 3–8 years after randomization †.
Change in N
Crude Model * Adjusted Model **
OR (95% C.I.) p-Value OR (95% C.I.) p-Value
Vegetable intake (10 g/day) 59 1.01 (0.90; 1.14) 0.87 1.01 (0.89; 1.14) 0.93
Fruit intake (10 g/day) 61 1.00 (0.90; 1.11) 0.99 1.01 (0.91; 1.12) 0.87
Sugary drink intake
(glasses/day) 49 0.97 (0.38; 2.47) 0.94 0.75 (0.20; 2.87) 0.68
Savory snack intake
(handful/week) 57 1.03 (0.89; 1.20) 0.67 1.17 (0.94; 1.44) 0.16
Sweet snack intake
(portion/week) 57 1.01 (0.90; 1.12) 0.91 1.02 (0.88; 1.18) 0.76
Total MVPA (30 min/week) 59 1.00 (0.93; 1.07) 0.91 1.04 (0.95; 1.13) 0.42
Weight change (kg) 52 1.06 (0.90; 1.25) 0.49 0.98 (0.76; 1.27) 0.90
MVPA = Moderate to Vigorous Physical Activity. † Change was calculated as preferably 6 months or otherwise
3 months minus baseline for vegetable intake, fruit intake and MVPA, and for sugary drink intake, snack intake
and body weight, change was calculated as baseline minus preferably 6 months or otherwise 3 months. * The
crude model is adjusted for baseline metabolic syndrome (yes/no) and baseline lifestyle behavior. ** Model further
adjusted for smoking (yes/no), current diet behavior depending on the variable of interest (e.g., in case of change in
vegetable intake the model is adjusted for current vegetable intake, in case of MVPA the current dietary behavior is
defined as current kcal intake) and current MVPA (min/day).
Adding randomization arm into the model (intervention or control group) and time between
randomization and follow-up (years) did not change effect estimates. Additionally, effect estimates
hardly changed when we excluded women in early pregnancy from our study sample (results not
shown).
4. Discussion
A decrease in savory and sweet snacks during the first six months after randomization was
associated with lower insulin resistance 3–8 years later. However, these associations became
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non-significant after adjustment for current lifestyle. No other associations between changes in
lifestyle or body weight during the first six months after randomization with cardiovascular health
3–8 years later were observed.
A reason why we did not observe statistically significant associations between changes in lifestyle
and body weight during the first six months after randomization with cardiovascular health 3–8 years
later might be the low number of participants included in the follow-up study, and therefore we had
low power to observe the hypothesized associations. Furthermore, it might be that there was not
enough individual variation in the changes in lifestyle and body weight to find any associations with
cardiovascular health at follow-up, which could be explained by the fact that women allocated to
the control group participated to a larger extent in our follow-up study than women allocated to the
intervention group.
There were multiple associations pointing towards our hypothesis that healthy changes in lifestyle
are associated with more favorable cardiovascular health. Our findings that women with a higher
intake of fruit (p = 0.06) and more MVPA (p = 0.09) had a higher fat free mass are in accordance with
physiological mechanisms. Muscular activity stimulates the development and maintenance of lean
muscle mass [27] and the high fiber content of the diet, associated with fruit intake, is related to lower
body fat [28]. Furthermore, women who lost weight during the first six months after randomization
tended to have higher HDL-cholesterol (p = 0.06). This is in line with findings in other studies and
may relate to links between lower visceral fat mass and higher HDL-cholesterol [29].
However, we also observed that women who decreased their sugary drink intake tended to
have a lower HDL-cholesterol (p = 0.06), which is not in line with our hypothesis and unexpected,
assuming that a lower intake of sugary drinks causes a lower BMI, which is associated with improved
HDL-cholesterol [29]. We do not know why we observed this: additional corrections for current BMI
did not weaken this association and high sugary drink intake was not correlated with high MVPA
levels, which is associated with higher HDL-cholesterol [30]. We were not able to analyze the effect of
fresh fruit juice on HDL-cholesterol, because the 33-item FFQ do not ask specifically about fresh fruit
juice. Evidence showed that fresh fruit juice might be associated with lower HDL-cholesterol [31]. It
could therefore be that women specifically reduced their intake of sugar sweetened fruit juice, but not
fresh fruit juice, which might have led to the unexpected association between decreases in sugary
drinks and lower HDL-cholesterol. However, given the number of associations studied, it might also
be that this is a chance finding.
Our results of reduced snack intake and improved HOMA-IR indicate that changing lifestyle is an
important first step, but that maintaining a healthy lifestyle is needed for improving cardiometabolic
health in the long-term. However, lifestyle change and maintaining those healthy changes on the
long-term is notoriously difficult. To sustain long-term intervention adherence and thereby improve
cardiometabolic health, it might be helpful to provide extended care by offering long-term individual
or group contact to stimulate healthy behavior [32].
An important strength of the current study is the detailed information about the intake of
specific foods and beverages, physical activity and body weight during the first six months after
randomization into a preconception lifestyle program. This enabled us to gain more knowledge about
lifestyle and body weight changes during the first six months after randomization in association
with cardiometabolic health 3–8 years after the intervention instead of a randomized comparison
between groups. We additionally had good quality data (measured by trained researchers) about
cardiometabolic health at the start of the intervention and at 3–8 years after randomization, and were
able to take into account women’s baseline cardiometabolic health. There are also limitations that
should be mentioned. Dietary intake as well as physical activity was measured using self-reported
questionnaires. Obese women tend to under-report unhealthy behavior and over-report healthy
behavior [33], and women allocated to the intervention group might do this to a larger extent because
of social desirability bias [34,35]. However, adding randomization group into our regression models
hardly changed the effect estimates, which indicates that the effect of social desirability bias induced
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by randomization group is minimal. Furthermore, there was a wide range (3–8 years) in the time
between inclusion in the preconception lifestyle intervention study and our follow-up assessment of
cardiometabolic health. This wide range might have affected the associations between lifestyle and
body weight change with cardiometabolic health at follow-up. However, adding time in between
randomization and follow-up into our models hardly changed the effect estimates. Finally, the 33-item
FFQ pre-specified two food groups, fruit juice and savory snack intake, including foods known to
have favorable as well as unfavorable effects on cardiometabolic health. The question on consumption
of fruit juice does not distinguish between fresh fruit juice and sugar sweetened juice, while studies
show that the consumption of fresh juice reduces cardiovascular risk factors due to, amongst others,
the antioxidant effects and anti-inflammatory effects [31]. Furthermore, the question on savory snack
consumption combines the intake of crisps, pretzels, nuts and peanuts into one question, while studies
show that nuts and peanuts might be beneficial for cardiovascular health [36]. It might therefore be
that an increase in these food groups represents a healthy change instead of an unhealthy change.
We recommend future research to use a more extensive FFQ, not pre-specifying these foods into one
food group. Future research should replicate our results in a larger study population, preferably with
larger variations in lifestyle and weight changes.
5. Conclusions
To conclude, decreases in savory and sweet snack intake were associated with reduced insulin
resistance 3–8 years later, but after adjustment for current lifestyle these associations disappeared.
No other associations between changes in lifestyle or body weight during the first six months after
randomization with cardiovascular health 3–8 years later were observed. Changing lifestyle is an
important first step, but maintaining this change is needed to improve cardiometabolic health in
the long-term.
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Abstract: Acute exercise can induce either a compensatory increase in food intake or a reduction in
food intake, which results from appetite suppression in the post-exercise state. The timing of food
choice—choosing for immediate or later consumption—has been found to influence the healthfulness
of foods consumed. To examine both of these effects, we tested in our study whether the timing
of food choice interacts with exposure to exercise to impact food choices such that choices would
differ when made prior to or following an exercise bout. Visitors to a university recreational center
were equipped with an accelerometer prior to their habitual workout regime, masking the true study
purpose. As a reward, participants were presented with a snack for consumption after workout
completion. Participants made their snack choice from either an apple or chocolate brownie after
being pseudo-randomly assigned to choose prior to (“before”) or following workout completion
(“after”). Complete data were available for 256 participants (54.7% male, 22.1 ± 3.1 years, 24.7 ±
3.7 kg/m2) who exercised 65.3 ± 22.5 min/session. When compared with “before,” the choice of an
apple decreased (73.7% vs. 54.6%) and the choices of brownie (13.9% vs. 20.2%) or no snack (12.4% vs.
25.2%) increased in the “after” condition (χ2 = 26.578, p < 0.001). Our results provide support for both
compensatory eating and exercise-induced anorexia. More importantly, our findings suggest that the
choice of food for post-exercise consumption can be altered through a simple behavioral intervention.
Keywords: compensatory eating; exercise-induced anorexia; food choice; acute exercise; behavioral
economics; nudges
1. Introduction
Regular exercise and a healthy diet are important staples of a healthy lifestyle. The beneficial
effects of exercise for the treatment and prevention of many physiological and psychological conditions,
including diabetes, cardiovascular disease, certain cancers, recovery from stroke, emotional well-being,
depression, anxiety, and suicidal behaviors [1–8], are well documented. However, the impact of
exercise on overweight and obesity, and particularly its ability to produce meaningful weight loss
remains under debate [9]. It is undisputed that exercise increases energy expenditure and thereby
has the potential to induce weight loss. However, individual weight loss responses are mixed [10],
suggesting that the success of exercise as a weight loss strategy is largely dependent on its effects on the
other component of energy balance, i.e., dietary energy intake. A primary barrier to exercise-induced
weight loss is compensatory eating, which is defined as an increase in food intake following exercise
or physical activity [11].
It is a common belief that exercise stimulates appetite and food intake [12], and as much as
77% of college students report engaging in compensatory eating [11,13]. The mechanisms for this
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compensatory increase in food intake following exercise are manifold, but most likely include endocrine
pathways that favor food intake to ensure the maintenance of body weight, and more specifically lean
body mass [14,15]. On the other hand, there is also evidence in the literature contrary to compensation.
Evidence shows that only 19% of intervention studies reported an increase in energy intake after
exercise, whereas 65% show no change [16]. Furthermore, it has repeatedly been demonstrated that
appetite and hunger are suppressed following exercise, particularly in the immediate post-exercise
state [12]. This reduction in perceived hunger has been termed “exercise-induced anorexia” and has
been linked to the suppression of orexigenic hormones, such as ghrelin, and concomitant increases in
satiety hormones, including peptide YY and glucagon-like peptide 1 [17–19].
While the impact of exercise on energy intake is important from an energy balance perspective, it
is critical to understand that energy intake is ultimately the product of food choices, as individuals
select foods rather than nutrients under free-living conditions [12]. It has been proposed that exercise
participation can impact food selection, modify the sensitivity to sensory cues [12], and alter the reward
value of foods with particular sensory and/or macronutrient profiles [20,21]. Hedonic mechanisms
controlling food intake are stimulated by the sensory pleasure of eating palatable food and may result
in increased food intake [22]. This increase in food intake has been linked to the neuroendocrine
factor dopamine, which has been shown to reinforce the pleasure derived from eating highly palatable
foods [23,24]. Exercise has been found to reduce addictive behaviors such as drug and alcohol
consumption [23], and as such it is possible that exercise may also elicit a reduction in food intake as
a result of the rewarding value of food. Previous experiments have shown that the responsiveness
of brain regions related to food reward is altered in the post-exercise state [25], such that the brain’s
neural reward system’s response to low energy density foods is increased and the reaction to high
energy density is reduced [26–28].
In support of the contradictory findings in the literature, it has been proposed that exercise could
either increase or decrease the reinforcing value of energy-dense, palatable foods. For example, the
deliberate choice of highly palatable, energy-dense foods (e.g., fatty and/or sweet “treats”) in the
post-exercise state has been linked to compensatory eating and reduced weight loss success [21]. Others
have reported that carbohydrate-rich foods are rated more palatable in the post-exercise state [25,26],
possibly reflecting increased carbohydrate utilization during aerobic exercise [29]. Alternatively,
exercise could also reduce the consumption of these foods as a result of improved appetite control
coupled with a higher motivation to engage in healthy behaviors [28]. These diametrically opposed
effects of exercise on food choices could ultimately explain the inter-individual variation in the degree
of compensatory eating following exercise interventions [21].
Another important influence on dietary quality is the timing of food choice relative to
consumption. Prior research from behavioral economics and psychology suggests that changing the
timing of food choice relative to consumption—whether food choices will be consumed immediately
or at some later point—influences the healthfulness of the foods chosen [30,31]. Behavioral economic
models of choices over time (the most prominent of which is hyperbolic discounting [32]) have been
formulated to represent individuals who have inconsistent preferences. These models predict that
choices will differ depending on whether the chosen item is to be received immediately or after a delay.
When the decision-maker will receive their choice immediately, the models predict that the individual
will make less healthy, more impatient decisions than if the receipt is delayed. Individuals whose
choices fit this pattern are said to have “present-biased preferences.” An upshot of present-biased
preferences is that people will often be willing to pre-commit to a healthier behavior if given the
opportunity to do so [33,34].
To integrate the impact of biophysical and behavioral effects on post-exercise food intake in a
real-life scenario, the overall goal of the present study was to test whether manipulating the timing of
the choice of a snack to be received after exposure to exercise would alter food choices such that in the
post-exercise state the choice of snacks with varying energy density and health attributes would differ
from choices made prior to exercise. Our intervention addresses a simple but important question: Can
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a simple nudge—changing the time when the choice of a post-exercise snack is made—help individuals select
healthier food options? Given the importance of understanding why people make unhealthy dietary
choices and how these choices can be discouraged [35], examining how factors such as the timing
of food choice that may promote healthy eating in the context of exercising would be beneficial [28].
This is particularly true since behavioral weight loss strategies typically employ a combination of
diet and/or exercise. However, as mentioned previously, evidence suggests that increases in food
consumption in response to exercise can derail weight loss efforts [16]. Knowledge about the degree
to which food choices are altered from pre- to post-exercise could ultimately allow individuals to
pre-commit to healthier food choices by selecting food in a state which favors their choice of healthier
options. Our primary hypothesis was that individuals are more likely to choose an “unhealthy,”
energy-dense snack in the post-exercise state when compared to choosing a snack for post-exercise
consumption prior to exercising, supporting previous evidence of compensatory eating [11] as well as
findings from behavioral studies of food choice [30]. To also account for previously reported reductions
in appetite and hunger in the immediate post-exercise state, we further hypothesized that the number
of participants who would decline a snack would also increase in the post-exercise state.
2. Materials and Methods
2.1. Study Design
The experiment was conducted at the University of Nebraska-Lincoln Recreational and Wellness
Center and was focused on the effect of the timing of food choice—which was assigned by the
researchers to take place before or after the participant exercised—on selection of a food item. The
food item was received after the exercise was completed in both conditions. The experiment took
place on randomly chosen weekdays between February 16 and April 30, 2018, and implementation of
conditions was balanced across the study period and days of the week. Individuals were recruited to
participate as they entered the recreational center. All participants had to be at least 19 years of age
and to have come to the Recreational and Wellness Center to exercise. When individuals were invited
to participate, the purpose of the study was presented as being focused on calibrating activity sensors
to various exercise types. As an incentive for participation in this “calibration study,” participants
were offered a choice of food items upon completion of the study. In actuality, participants’ choice
of a food item was of central interest to the study, but this interest in participants’ food choices was
not highlighted to minimize experimenter demand effects [36] and social desirability biases [37,38].
Participants signed a written informed consent form prior to the experiment. The study was approved
by the University of Nebraska-Lincoln Institutional Review Board.
2.2. Procedures
After participants signed the informed consent form, study staff measured their height and
weight on a digital column scale (Seca, Hamburg, Germany). Next, participants were fitted with
an accelerometer (GT3X, ActiGraph, Pensacola, FL, USA) on their non-dominant wrist, which they
wore for the duration of their workout. Study staff instructed all participants to proceed with the
workout that the participant had planned to complete at the Recreation and Wellness Center prior to
study recruitment.
When subjects returned the accelerometers upon completion of their workout, additional
information was collected, including each participant’s date of birth, the type of activity or activities
conducted during the workout, and whether participants ate or drank anything during the workout.
Participants were told that this information was needed to personalize the accelerometer data.
2.3. Food Choice Paradigm
In order to examine changes in food choices over the course of a self-selected workout, participants
were given a snack choice to be received upon completion of their workout as a reward for study
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participation. In one condition, prior to beginning their workout (“before”), participants were asked
to choose which snack item they wanted to receive. Upon completion of their workout and them
returning the accelerometer, participants were given the food item they had selected. In the other
condition (“after”), participants were asked to choose their snack right as they came back to return
their accelerometer after their workout. In the “after” condition, participants received their snack
immediately after making their choice. For logistical purposes, one condition (“before” or “after”) was
implemented per study day.
In order to present two snack options with distinguishable perceived health attributes but similar
taste attributes (sweet), participants were able to choose between an apple (deemed “healthy”) and a
brownie (deemed “unhealthy”). Participants also had the option to decline both snacks (“neither”).
Both snack options were visible to participants as they checked in (“before” condition) or as they
checked out (“after” condition). Prior to giving the chosen snack to the participant, study staff inquired
about food allergies and intolerances.
All food used in the experiment was purchased and prepared in a large batch by a food and
beverage management specialist in a department certified kitchen and stored at appropriate conditions
(temperature checks were performed twice per day) prior to presenting it to study participants. The
apple variety offered in the study was Fuji with an average energy content of 121 kcal per medium-sized
apple [39]. Brownies were prepared from a prepackaged commercial brownie mix (Ghiradelli, San
Leandro, CA, USA) and had an energy content of 140 kcal per piece.
2.4. Data Analyses
Data were analyzed using R Statistical Software (R Core Team, R Foundation, Vienna, Austria).
Prior to data analysis, data from individuals who participated in the study multiple times were
eliminated from the dataset such that only the first study visit was included in the analyses. In addition,
data from participants who reported food allergies or intolerances that could have affected the food
choice were eliminated from the dataset. Participants’ food item choices were analyzed to evaluate
whether the proportion of choices of the different food items (including “neither”) differed by condition
using a chi-squared test. We then used multinomial, multivariate logistic regression models to examine
the relationship between food choice and condition while controlling for potentially confounding
variables comprising body mass index (BMI) category (≤25 kg/m2; >25 kg/m2), age (in years), gender,
workout duration (in minutes), whether the participant consumed any food during their workout,
and mode of exercise (aerobic, resistance, and other). BMI categories were aggregated from four
initial categories (underweight, normal weight, overweight, and obese) into two (underweight/normal
weight, and overweight/obese) because few participants fell into the underweight (3 participants) and
obese (18 participants) categories. Results of the multinomial logistic regression models are presented
as odds ratios (OR) and 95-percent confidence intervals (95% CI) for independent variables. Statistical
significance was considered for p-values < 0.05.
3. Results
A total of 299 data points were initially collected. Data from 31 participants (42 observations) were
eliminated because individuals had participated in the study more than once. In addition, data from
one participant who reported having celiac disease were omitted. The final dataset used for analysis
contained observations from 256 unique participants. Of these, 137 participants (53.5%) completed the
“before” condition and 119 completed the “after” condition (46.5%). On average, 54.7% of participants
were male, 22.1 ± 3.1 years old, had an average BMI of 24.7 ± 3.7 kg/m2, and exercised for 65.3 ± 22.5
min. There were no significant differences between conditions in gender distribution, age, BMI or BMI
categories, workout duration, food consumption, or mode of exercise (Table 1).
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(n = 119) p-Value *
Age 22.1 ± 3.1 22.0 ± 2.9 22.1 ± 3.4 0.72
















Workout Duration (min) 65.3 ± 22.5 67.3 ± 25.5 63.0 ± 18.3 0.12
Food Consumption (Yes) 8 (3.1%) 5 (3.6%) 3 (2.5%) 0.60
Aerobic Exercise (Yes) 172 (67.2%) 87 (63.5%) 85 (73.4%) 0.18
Resistance Exercise (Yes) 192 (75%) 102 (74.5%) 90 (75.6%) 0.83
Other Exercise (Yes) 9 (3.5%) 7 (5.1%) 2 (1.7%) 0.13
* “before” vs. “after”.
In the “before” condition, 101 participants (73.7%) selected an apple, 19 (13.9%) selected a
brownie, and 17 (12.4%) declined a snack upon completion of their workout. In the “after” condition,
65 participants (54.6%) selected an apple, which is an ~20% decrease from the “before” condition.
Twenty-four participants (20.2%) selected a brownie in the “after” condition, and 30 participants
(25.2%) declined a snack option upon completion of their workout. The patterns of choices (Figure 1)
differed significantly between the “before” and “after” condition (χ-squared = 26.578, df = 2; p < 0.001).
Figure 1. Proportion of snack choices (apple, brownie, or neither) for consumption after completion of
a workout chosen either before the beginning of the workout (“before” condition) or after completion
of the workout (“after” condition).
Results from the multinomial, multivariate logistic regression model are reported in Table 2.
The omitted snack choice was “neither” in the regression model. Results confirm that the odds of a
participant choosing an apple decreased significantly in the “after” condition relative to the choice
of neither (OR: 0.33; 95% CI: 0.16–0.66), even after controlling for other variables. The estimated
odds ratio for the effect of the “after” condition on apple choice remained unchanged regardless of
other independent variables included in the regression model, including BMI status, age, gender,
and workout duration. There were no significant differences in brownie choice (relative to choosing
neither) based on condition (OR: 0.64; 95% CI: 0.26–1.55). In addition to the condition, only the BMI
category significantly contributed to the regression model of snack choice. Individuals who were
classified as overweight or obese (BMI > 25 kg/m2) were significantly less likely to select a brownie
than individuals with a BMI < 25 kg/m2 (OR: 0.37; 95% CI: 0.15–0.92).
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Table 2. Odds ratios (OR) and 95% confidence intervals (CI) from multinomial logistic regression
results of snack choice, relative to neither.
Apple Brownie
OR 95% CI OR 95% CI
Condition: “After” 0.33 (0.16–0.66) 0.64 (0.26–1.55)
BMI Status (>25 kg/m2) 0.61 (0.31–1.23) 0.37 (0.15–0.92)
Age 0.98 (0.87–1.10) 1.09 (0.96–1.24)
Gender (male) 1.17 (0.56–2.43) 1.81 (0.71–4.64)
Workout Duration (min) 1.00 (0.98–1.02) 1.00 (0.98–1.02)
Food Consumption (Yes) 1.51 (0.17–13.62) 1.16 (0.07–20.00)
Aerobic Exercise (Yes) 1.11 (0.48–2.59) 0.85 (0.30–2.40)
Resistance Exercise (Yes) 1.03 (0.43–2.43) 0.91 (0.30–2.77)
Other Exercise (Yes) 0.47 (0.04–1.56) 0.47 (0.05–4.45)
Intercept 10.65 (0.53–214.60) 0.31 (0.01–9.75)
Number of observations = 256, Akaike Information Criterion = 470.9.
4. Discussion
The goal of the present study was to assess whether the timing of snack choice would interact
with exposure to a single exercise bout to alter food choices. Using a behavioral intervention approach,
we show that a very simple modification—making a choice about a post-exercise snack either prior to
or following the completion of the exercise bout—significantly alters the snack choice. Our findings
indicate that the likelihood of choosing an apple, a food typically considered as “healthy”, is about
one third (33.5%) greater when the choice is presented prior to engaging in exercise; however, when
the choice is presented following the exercise bout, individuals are approximately 39% more likely
to choose a brownie, a food typically considered as “unhealthy”, and 112% more likely to decline
either snack option. These findings exhibit elements of two previously identified effects of exercise on
food choice: compensatory eating, which refers to the increase in food intake following exercise of
physical activity [11], and exercise-induced anorexia, which refers to a temporary reduction in appetite
immediately following exercise [40]. They also correspond to patterns seen in previous behavioral
research, in which individuals are more likely to make healthier choices if the food will be delivered in
the future rather than immediately [30].
4.1. Interindividual Variation in Post-Exercise Food Choices: Compensatory Eating and Exercise-Induced Anorexia
The increase in the preference for a brownie, an energy-dense and palatable snack, can be seen as
evidence for compensatory eating. Finlayson et al. speculated that hedonic processes are modulated
by increased energy expended during exercise, thereby promoting overconsumption in individuals
prone to compensatory eating [22]. Considering that a greater tendency for compensatory eating has
been linked to attenuated weight loss during exercise interventions [21], our findings highlight the
importance of timing of food choices for individuals who exercise to lose weight. In contrast, others
have reported a reduced preference for energy-dense food following exercise. For example, an acute
bout of resistance exercise decreased the preference for high-fat food [27], and 2 weeks of aerobic
exercise were found to reduce the reinforcing value of high energy density foods [28]. However, it is
noteworthy that there was a dose-dependent relationship between habitual exercise and the reduction
in the reinforcing value of high energy density foods, which was most pronounced in individuals who
exercised 5 days per week when compared to individuals who exercised less regularly [28].
In addition to an increased preference for an “unhealthy” option, we further observed an increase in
the number of individuals who declined either food option among participants who were given a snack
choice in the post-exercise state. While we acknowledge that there may be other reasons for this finding,
this finding is in accordance with previous reports of exercise-induced anorexia. This phenomenon,
which describes a transient reduction in appetite and hunger in the immediate post-exercise state, has
been linked to reductions in ghrelin, an appetite-stimulating hormone, and increased concentrations
of satiety hormones, including peptide YY and glucagon-like peptide 1 [17–19,41]. However, hunger
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is not necessarily indicative of actual food intake, as shown in a study involving exposure to exercise
message commercials, which resulted in higher ratings of hunger but lower caloric intake [42].
Taken together, increases in compensatory eating and exercise-induced anorexia result in a greater
inter-individual variability in post-exercise food intake. These competing effects, i.e., an increase
in consumption of an “unhealthy” option along with a greater number of individuals declining
either food option, negate an overall group effect. In fact, when determining the caloric intake
based on food choices made (brownie, apple or neither), average caloric intake did not change
dramatically from “before” (109 kcal/participant) to “after” (94 kcal/participant), which is in support
of a previous meta-analysis by Schubert et al. who failed to identify a definite effect of an exercise
task on post-exercise caloric intake [10]. This finding is also in agreement with observations from
our laboratory, according to which inter-individual differences in food choices are greater in the
post-exercise state when compared to the rested state (Koehler, unpublished observation).
4.2. Impact of Gender and Body Mass Index
In contrast to previous studies, we failed to observe a significant gender effect in our food choice
paradigm. Although most laboratory experiments addressing the impact of a single exercise bout
on food intake were not specifically designed to detect gender differences, it is well established in
the literature that food intake patterns differ between men and women and that women consistently
make healthier choices than men [43]. Furthermore, the motivation to exercise tends to differ between
genders, as women are more likely to exercise in attempts to lose weight [44]. As such, it is not
surprising that when compared to their male counterparts, female athletes exhibit more self-control
for high-calorie and sweet food options [45]. However, despite these gender differences, a recent
meta-regression showed no impact of gender on post-exercise calorie intake [10], which is in agreement
with the lack of a gender effect in our study. This lack of gender difference may be further explained by
the fact that a greater proportion of our female participants conducted aerobic exercise (84% vs. 52% in
males, p < 0.001), which is reflective of the general exercise motives of young adults [46]. It is possible
that the lower energy expenditure of resistance exercise, when compared to aerobic exercise [47],
reduced the likelihood of compensatory eating in the male participants. Furthermore, a recent study
reported that resistance exercise, but not aerobic exercise, reduced explicit liking for high-fat food [27].
We did, however, find an effect of BMI on overall food choice, whereby individuals with a BMI
indicative of overweight or obesity (>25 kg/m2) were less likely to choose our “unhealthy” option.
This finding is contrary to previous literature suggesting that obesity is associated with an increased
drive to eat palatable foods [48], specifically in the absence of hunger [49], and greater impulsivity
toward food reward [50]. However, it should be noted that the current study was selectively conducted
in individuals who voluntarily exercised, a group not necessarily representative of individuals who
are overweight and obese [51]. As such, our overweight or obese participants may have exhibited
a greater motivation to lose weight compared to non-exercising individuals [52]. Furthermore, it is
also possible that our measure of BMI overestimated levels of overweight and obesity in our group of
exercisers, as it is well known that BMI fails to differentiate between individuals with excess adiposity
vs. individuals with increased muscle mass [53].
4.3. Limitations
As the study presents a simple behavioral manipulation in a real-life setting, there are various
limitations to our investigation. First, we failed to assess changes in ratings of appetite or hunger over
the course of the exercise bout as well as appetite-regulating peptides, and more specifically whether
inter-individual differences in these outcomes would explain differences in food choices from pre- to
post-exercise. However, as previously mentioned, it is well known that hunger levels alone fail to
explain differences in the food intake response following exercise [22].
In order to test the impact of exercise on food choice in a real-life scenario, we chose to allow
participants to follow their regular exercise regimen. As such, exercise intensity was self-selected
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and consequently varied among our participants. High-intensity exercise has been shown to favor a
negative energy balance to a greater extent than low-intensity exercise [54]. Although each participant
wore an accelerometer during their exercise bout, we chose not to include this data in the present
analysis due to previous studies demonstrating that the Actigraph tends to perform poorly during
vigorous activities [55], which we presumed to be the primary intensity range in the present study.
Regardless, future studies should attempt to assess exercise intensity using objective (e.g., heart rate)
or subjective (e.g., ratings of perceived exertion) measures. Another limitation was that we did not
assess the prandial state, such as the time of the last meal or current hunger levels. While intriguing,
these measures were not taken in order to avoid revealing the true purpose of this investigation. We
did, however, assess food intake (in excess of water) during the workouts, but this variable did not
have a significant effect on food choice as shown by our regression analysis (Table 2). While future
studies should more carefully monitor food intake and hunger levels prior to the experiment, we are
confident that using a relatively large sample and conducting all experimental trials at the same time
of day minimized the impact of the prandial state on our outcomes.
Our findings clearly highlight that food choices change depending on whether a post-exercise
snack is chosen prior to or following the exercise bout. Behavioral economic models of intertemporal
choice provide another perspective on this pattern of choice [32]. Many people have inconsistent
preferences for outcomes that occur at different time points relative to when the choice is made.
While most of the evidence is for choices made over monetary outcomes, there is some evidence
about food choice as well. When people make choices for foods that they will receive immediately,
time-inconsistent preferences tend to lead them to be more indulgent—choosing less healthy
foods—than if receipt of the selected food is in the future. This model predicts that people are
more likely to make a healthy choice for their future self than they are for their current self [56]. While
this phenomenon may have explained the increased preference for the “unhealthy” option (brownie)
following the workout (immediately before the snack) compared to before the workout (on average
65 min before their snack), it fails to explain the increase in the number of participants who declined
either snack. A second behavioral economic influence may shed light on increases in both unhealthy
and neither food option: projection bias [57]. Projection bias refers to the failure of a decision-maker
to correctly predict their preferences for outcomes that occur in the future. This bias is thought to be
particularly likely to occur when the individual is making a choice in one state that will be experienced
in another state [58]. It is well established that exercise induces changes in an individual’s state by,
for instance, suppressing appetite-inducing hormones [17–19,41]. Future studies can feature more
sophisticated designs that separately identify these various influences on decision-making, such as
including non-exercising control activities to disentangle the effects of time-inconsistent preferences
from compensatory eating and exercise-induced anorexia and varying the state in which participants
make food choices for immediate and future receipt.
5. Conclusions
Overall, our study demonstrates that the choice of a post-exercise snack can be shifted through a
simple behavioral intervention, i.e., choosing the snack prior to or after the exercise bout. As such,
our results provide support for both an increased preference for compensatory eating as well as an
increased degree of exercise-induced anorexia. Our findings have important practical implications
for individuals who are attempting to lose or control their weight through exercise, as well as for
health professionals providing guidance and support to these individuals. Corroborating previous
research [34,58], participants in this study who chose their snack before they exercised—the “before”
condition—were more likely to select a healthier snack than participants who chose immediately prior
to receipt of the snack (the “after” condition). A simple strategy such as encouraging individuals to
make choices about foods that they will eat post-exercise prior to their workout may help those who are
attempting to lose weight through diet and exercise pre-commit to healthier foods. Pre-commitment
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can prevent individuals from offsetting the gains in exercise-related caloric expenditure through
compensatory eating.
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Abstract: (1) Background: In households experiencing the double burden of malnutrition, stunted
children are in a better position for growth improvement when parents are able to direct their
resources to support nutrition requirements. This study assesses the effectiveness of maternal
nutrition education to reduce child stunting. (2) Methods: This was a Randomized Controlled
Trial involving pairs of overweight/obese mothers with stunted children aged 2 to 5 years old in
urban Indonesia. Methods: Seventy-one mother-child pairs were randomly assigned to receive
either a 12-week nutrition education or printed educational materials. Mixed factorial ANOVA was
used to test for between-group differences over time in relation to child’s height, weight, maternal
self-efficacy, outcome expectation, and caloric intake. (3) Results: Across groups, there was a
significant effect of time on child height and weight but no significant differences were observed
between-groups. Maternal self-efficacy, outcome expectations in providing animal protein for the
children (p-value = 0.025) and mother’s total caloric intake (p-value = 0.017) favored the intervention
group over the comparison group. (4) Conclusions: The behavioral intervention produced strong
improvement in maternal self-efficacy to engage in physical activity, eat fruits and vegetables and to
provide children with growth-promoting animal protein, but did not significantly influence child
height gain.
Keywords: nutrition education; health promotion; behavioral intervention; self-efficacy; stunting;
overweight; obesity; physical activity; dual burden of malnutrition
1. Introduction
In developing countries, one fourth of children under the age of five fail to grow normally because
of a condition known as stunting [1]. Stunting is a condition where the child is shorter than their
normal peers as measured using the height-for-age z-score (HAZ) of less than minus two according
to the child growth standard from the WHO-Anthro 2005. Child stunting is a public health nutrition
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problem that hinders the development of future generations. Compared to their non-stunted peer,
stunted children have shown to be more susceptible to gain more fat mass than lean mass in a cohort in
Brazil [2]. After 7 to 9 years follow up, previously stunted children at 2 years of age were significantly
shorter and lighter but their body mass index (BMI) or centralization of body fat was not significantly
different from non-stunted South African children [3]. Beyond physiological effects, stunting may limit
a child’s cognitive abilities and productivity [4]. In light of these damaging consequences, the WHO
and its member countries are working to achieve a 40% reduction in child stunting by 2025 through
the Scaling-Up Nutrition (SUN) program [4].
Effective community-based interventions must be developed to ameliorate child stunting and
support WHO and UNICEF programs to combat child growth problems worldwide. A systematic
review of the literature to explore the impact of education and complementary feeding on growth
of children under 2 years of age in developing countries showed positive results [5]. In a subgroup
analysis of the food secure population, child-feeding education alone yielded a significant improvement
in height gain in children under the age of 2 years [5]. A previous study in Bangladesh that assessed
a 3-month nutrition education intervention along with complementary feeding showed promising
results for height gain [6,7]. The effect of providing complementary food and intensive nutrition
education on height gain (cm) in Bangladesh was 0.80 (95% Confidence Interval (CI) = 0.007–1.53) [7].
A systematic review of community-based nutrition education programs revealed significant results
when community leaders met with caregivers twice a week in their home, to deliver nutrition education
programs and cooking demonstrations [8].
A demographic shift in conjunction with an epidemiological and nutrition transition has created
an unusual situation in which both over- and under-nutrition occur within the same population. Child
stunting is a persistent feature of this problem, known as the double burden of malnutrition. A study
in a Guatemalan population informed our hypothesis that in households suffering from the double
burden of malnutrition, stunted children are less likely to experience food insecurity. Results of that
study revealed that the prevalence of coexistence of under-nutrition (child stunting) and over-nutrition
(maternal overweight/obesity) was highest (22.7%) among those in the middle (third) quintile of
socioeconomic status (SES) [9]. The study showed that maternal overweight was positively related
to higher economic status while child stunting was negatively associated with higher household
economic status. Lack of access to food geared to the fulfilment of dietary energy was influential for
the high prevalence of child stunting but not playing the major role to double burden of malnutrition
as mothers exceeded their energy consumption. Households that was suffering from double burden of
malnutrition did not necessarily lacking in food access in term of energy intake. It is believed that the
difference was coming from unequal food distribution in terms among household’s member. Larger
number of family member or having extended family would increase the change of unmet nutrient
requirement among member of the household as it varies across age groups. Top with low level
of maternal nutritional literacy the problem of children having less nutrient intake resulted in their
failure to grow (stunted) but the adults having excess energy intake ending up with overweight and
obesity. This evidence suggests that in this socioeconomic group, relative to the others, in the absence
of food insecurity and economic deprivation, modifiable factors such as food distribution and dietary
diversity within the household were associated with the double burden of malnutrition. Furthermore,
these households appeared to lack the capacity to direct resources properly to prevent child stunting.
More specifically, we hypothesize that mothers were unable to make healthy food choices and manage
food supply and distribution within the household.
A behavioral intervention was developed to target modifiable behaviors related to the double
burden of malnutrition and to equip mothers with skills necessary to overcome these problems.
The study was conducted in an urban setting in Indonesia through the Nutrition Education for
Overweight/Obese Mother with Stunted Children (NEO-MOM) intervention. Drawing on concepts
from Social Cognitive Theory (SCT), participants were prompted to set goals for themselves to improve
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their dietary habits and child feeding behaviors, with a focus on self-efficacy, nutrition literacy and
dietary diversity.
This study was designed to test the hypothesis that for households facing the double burden
of malnutrition in urban Indonesia, a behavioral intervention, coupled with a government food
supplementation program, would be more effective than standard care combined with print
educational materials for improving child outcomes for height and height-for-age z-score, maternal
outcomes for weight, waist circumference, BMI, dietary diversity, dietary intake, self-efficacy, outcome
expectations and nutrition literacy.
2. Materials and Methods
This randomized controlled trial (RCT) assessed the effectiveness of a behavioral intervention
aimed at empowering mothers to address the double burden of malnutrition within the household.
2.1. Theory
The intervention was based on concepts of Bandura’s Social Cognitive Theory (SCT) [10],
which are briefly mentioned here. Following the constructs of Social Cognitive Theory, we measured
the mother’s self-efficacy, outcome expectations and knowledge measured as nutrition literacy.
We developed eight measures of maternal self-efficacy, according to Bandura’s guidelines for
constructing self-efficacy scales [11].
2.2. Sample Size and Allocation
Based on the previous study in Bangladesh [7], which found 0.8 effect size of a three months
length nutrition education intervention accompanied with complementary feeding and using 90%
power, a minimum of 66 total samples were required to detect changes in height gain with two tailed
alphas of 0.05. At baseline this study involved 71 eligible samples that was randomly allocated to 35 in
the intervention group and 36 in the comparison group/usual care. Details about the methodology
and protocols of the study can be found elsewhere [12]. This study did not compare the effect of the
intervention group (NEO-MOM group) with a true control group, but with a comparison group that
received printed educational materials (PRINT group) plus government supplementation on child
stunting and maternal overweight/obesity (see Figure 1).
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Figure 1. Adapted CONSORT diagram of the Nutrition Education for Overweight/Obese Mother with
Stunted Children (NEO-MOM) study.
2.3. Dietary Data
We collected two 24-h dietary food recalls per mother at set times, baseline, and at the end of
intervention (three months after baseline). A portion-size guide and food models were provided
to parents to assist them in estimating portion sizes. Dietary data was analyzed using NutriSurvey,
a software that draws on a database containing nutrition information on typical Indonesian Food.
The database is updated yearly by the Department of Nutrition, Universitas Airlangga (UA)–Indonesia.
Dietary diversity was calculated following the guidance developed by the Food and Agriculture
Organization of the United Nations (FAO) where mothers were asked to recall dietary consumption
in the past 24 h. The answer was then aggregated into 12 food groups to create the household’s
dietary diversity score (HDDS). The 12 food groups were cereals, tubers/roots, vegetables, fruits, fish,
meat and poultry, eggs, nuts and seeds, dairy products, spices, oils and fats, and sweets. The dietary
diversity score was ranging from 0 to 12.
2.4. Behavioral Measures
We measure maternal self-efficacy based on the Likert-scale ranged from 0 to 100 and covered
barriers and tasks for mothers related to being physically active, to eating fruits and vegetables and
providing children with animal protein in their meals. The animal protein in question was referring to
any source of protein coming from animal-based products that include fish, meat and poultry, eggs,
and dairy products. Outcome expectations were measured with a series of questions for the same tasks
rated on a scale from 1 to 5, with 1 representing a strong disagreement and 5 representing a strong
agreement. Nutrition literacy was measured in three domains: knowledge of macronutrients, skill in
household food measures, and skills in grouping food in categories. There were 6-item of close-ended
questions in the macronutrient’s domain, and also there were 6-item questionnaire in the household
food measure domain that was reflecting the common household measurements used in Indonesia.
The food groups domain was adapted from the original American “MyPlate” to the Indonesian version
of MyPlate known in Indonesian language as “Piring Makanku” or recently promoted as “Isi Piringku”.
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2.5. Statistical Analysis
For all variables that were normally distributed or transformed to normality, we analyzed the
difference in the outcome from control and intervention group using a mixed factorial ANOVA.
The within-subjects variables were the outcome variables in this research, and the between-subject
variable was the group of intervention (NEO-MOM and PRINT). We used the household food insecurity
access scale (HFIAS) score as covariates in the analysis. Furthermore, we conducted the ANCOVA
test to see the difference in changes of primary and secondary outcome adjusted for its baseline value
and the HFIAS score. For nonparametric statistics, we employed the two related-samples Mann
Whitney U test and analyzed the data separately for the NEO-MOM group and the PRINT group with
Bonferroni correction. All data analyses were performed in IBM SPSS Statistics 22 (Armonk, NY, USA).
The statistical significance for all the tests was set at an alpha level of 0.05.
2.6. Ethical Clearance
This study was approved by The Institutional Review Board (IRB) at Kansas State University
(reference number: 7894) as well as approved by the Surabaya City Review Board (Bakesbangpol No:
1366/LIT/2015) in Indonesia. All participants were explained about the study and signed the informed
consent following the World Health Organization procedure, this study obtained the Universal Trial
Number (UTN) U1111-1175-5834 and also registered in the Australian New Zealand Clinical Trials
Registry (ANZCTR) and allocated the registration number: ACTRN12615001243505.
3. Results
3.1. Characteristics of Participants and Groups
Table 1 summarizes characteristics of the participants (children, mother, and household) at
baseline in the NEO-MOM and PRINT groups. Almost all of the variables were similar and did not
have significant different with the exception of child’s weight (p-value = 0.045) and monthly food
expenditure (p-value = 0.010). The average of child’s weight in the NEO-MOM group was significantly
lower (mean = 11.32 kg) compare to the PRINT group (mean = 12.25 kg). Monthly food expenditure in
the NEO-MOM group was also around IDR 500,000 lower than those in PRINT group.
Table 1. Participants characteristics at baseline (n = 71).
Variable
NEO-MOM (n = 35) PRINT (n = 36)
p-Value
Mean (SD) Mean (SD)
Child characteristics
Age (months) 39.57 7.82 40.24 8.11 0.679
Weight (kg) 11.32 1.92 12.25 2.44 0.045 *
Height (cm) 86.84 6.34 89.43 5.34 0.060
Height-for-age Z-score −2.998 0.85 −2.674 0.57 0.071
Maternal characteristics
Age (years) 34.09 6.86 31.47 6.76 0.123
Education (years) 7.29 7.75 7.89 3.62 0.417
Weight (kg) 64.59 8.83 67.99 10.15 0.233
Height (cm) 147.43 5.11 148.23 4.67 0.441
Waist circumference (cm) 92.61 8.30 93.91 9.72 0.364
Household characteristics
Dietary diversity score 7.29 1.86 7.22 1.80 0.737
HFIAS score 8.94 5.75 5.92 5.49 0.061
Monthly Income (IDR) 1,532,857 512,769 2,116,666 1,448,562 0.054
Monthly Food expenditure (IDR) 974,074 343,726 1,217,307 316,418 0.010 *
Maternal physical activity
Average daily step 3156 2134 2899 2356 0.196
Note. Significance based on α = 0.05; * p-value < 0.05. The analysis is based on Independent t-test.
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3.2. Intervention Effect on Outcomes and Mediators
We used the HFIAS score as covariates when testing for an intervention effect in a mixed repeated
measure ANOVA.
3.2.1. Child’s Outcomes
There were no significant effects observed in the group-by-linear-time trend interaction for any of
the child health outcomes, but we observed a significant time effect for child weight (p-value = 0.023)
and child height (p-value = 0.001). There were significant increases in weight (p-value < 0.001) and
child height (p-value < 0.001) for all groups in a pairwise comparison from baseline to 3-month after
baseline evaluation (Figure 2). The mean group difference for child height was 2.47 cm (95% CI = 1.55
to 3.39) and for child weight it was 0.58 kg (95% CI = 0.32 to 0.85). The ANCOVA test showed that the
change in child’s height and weight was not significantly different between NEO-MOM and PRINT
group (p-value = 0.526 and p-value = 0.431 respectively). In terms of child height-for-age z-score (HAZ),
the observed improved value was not statistically significant using the related-samples Mann Whitney
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Figure 2. Profile plot of child’s weight and height change from baseline to three months evaluation.
3.2.2. Maternal Outcomes
There were no significant effects in the group-by-linear-time trend interaction for maternal
anthropometric outcomes such as weight, waist circumference, and the BMI. Similarly, there were
no significant mean group differences from baseline to three months after the baseline evaluation for
maternal weight (p-value = 0.223), waist circumference (p-value = 0.929), and the BMI (p-value = 0.066).
In this analysis, to achieve normal distribution of the data, BMI was transformed using logistic
transformation. There was no significant difference in the effect of study condition for any of the
maternal outcome measures. As seen in Table 2, after three months intervention, the ANCOVA test
revealed that the change in mother’s weight and waist circumference was not significantly different
between NEO-MOM and PRINT group (p-value = 0.871 and p-value = 0.397 respectively).
3.2.3. Household Dietary Diversity
The household dietary diversity score decreased for both NEO-MOM and PRINT group after
the 3-month period. In the non-parametric related samples Mann Whitney U test, the results showed
statistical significance at Z = −2,847 (p-value = 0.004) and Z = −3.380 (p-value < 0.001). The decline in
the dietary diversity score was steeper in the PRINT group (from 7.29 at baseline to 5.68 after three
months) than in the NEO-MOM group (from 7.44 at baseline to 6.50 after the 3-month intervention).
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Table 2. The ANCOVA test results on primary outcomes & maternal self-efficacy (n = 66).
Variable F p-Value Partial Eta Squared Adjusted R Squared
Child’s outcomes
Weight (kg) 0.629 0.431 0.010 0.151
Height (cm) 0.407 0.526 0.007 −0.022
Maternal outcomes
Weight (kg) 0.027 0.871 0.000 −0.028
Waist circumference (mm) 0.726 0.397 0.012 −0.025
BMI # 0.115 0.736 0.002 −0.023
Maternal self-efficacy (Barrier)
Being physically active 2.035 0.159 0.032 0.323
Eating fruit 10.011 0.002 * 0.139 0.404
Eating vegetables 10.238 0.002 * 0.142 0.236
Providing animal protein for kids 5.224 0.026 * 0.078 0.474
Maternal self-efficacy (Task)
Being physically active 3.922 0.052 0.059 0.276
Eating fruit 4.624 0.036 * 0.070 0.096
Eating vegetables 3.137 0.081 0.048 0.179
Providing animal protein for kids 4.468 0.039 * 0.067 0.081
Note. Significance based on α = 0.05; * p-value < 0.05. # The analysis is based on log-transformed variable.
3.2.4. Maternal Self-Efficacy
We measured maternal self-efficacy in terms of barriers and task performance of four behaviors:
being physically active, eating fruit, eating vegetables, and providing children with animal protein.
All measures of maternal self-efficacy were having good internal consistency indicated by having
Cronbach alpha > 0.65. The group by time interaction on maternal self-efficacy in dealing with barriers
was significant for all measures, with rates of increase being more strongly positive in the NEO-MOM
group than in the PRINT group (Table 3). The group by time interaction on maternal self-efficacy
barriers for being physically active, eating fruits, eating vegetables, and providing the child with
animal protein were all statistically significant (p-value = 0.030, 0.006, 0.002, and 0.042, respectively).
As seen in Figure 3 the improvement in maternal self-efficacy barriers to provide their child with animal
protein was in the right direction for the NEO-MOM group (from 60.36 at baseline to 67.24 after the
3-month evaluation) in contrast to the PRINT group, which showed a decrease (from 63.47 at baseline
to 57.78 after a 3-month evaluation). There was a significant time effect for the maternal self-efficacy
barrier of eating vegetables (p-value < 0.001). However, a similar time effect was not observed within
subjects for the other three measures. There was no significant result in the between-subjects test.
The group by linear time trend interaction effects on maternal self-efficacy to perform certain tasks was
only significant for the task of eating fruit (p-value = 0.043) and for the task of providing animal protein
for the child (p-value = 0.032) (See Figures 4 and 5). The rate of increase in the maternal self-efficacy in
the task of eating fruit was strongly positive in the intervention condition (from 49.16 at baseline to
58.19 after the 3-month evaluation) than the comparison condition, which showed a negative trend
(from 50.08 at baseline to 47.66 after a 3-month evaluation).
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Figure 4. Profile plot of maternal self-efficacy (task) for eating fruit.
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Changes in Mother's Self-efficacy Task (SET) in 
Providing Animal Protein
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Figure 5. Profile plot of maternal self-efficacy (task) for providing animal protein.
The mother’s self-efficacy (task) in providing animal protein for their children, showed a negative
trend for both the NEO-MOM and PRINT group with a steeper rate of decline in the latter group
(Figure 5). In the NEO-MOM group, maternal self-efficacy (task) for providing animal protein was 63.51
at baseline and was 63.18 after the 3-month evaluation, while in the PRINT group it declined from 64.78
at baseline to 54.20 after 3-months. There was also significant time effect for maternal self-efficacy (task)
for being physically active (p-value < 0.001). No significant between-subjects’ effects were revealed for
any of the maternal self-efficacy tasks. As seen in Table 2, after three months intervention, the ANCOVA
test revealed that the change in mother’s self-efficacy was shown to be significantly different between
NEO-MOM and PRINT group especially in the barriers self-efficacy in eating fruit (p-value = 0.002),
barriers self-efficacy in eating vegetables (p-value = 0.002), barriers self-efficacy in serving the children
with animal protein (p-value = 0.026), task self-efficacy in eating fruit (p-value = 0.036), task self-efficacy
in providing their children with animal protein (p-value = 0.039).
3.2.5. Maternal Outcome Expectation
All measures of maternal outcome expectation were having good internal consistency such as:
being physically active (Cronbach alpha = 0.86), eating fruit and vegetables (Cronbach alpha = 0.84),
providing animal protein for their kids (Cronbach alpha = 0.89). Measures of maternal outcome
expectation were not normally distributed. Even though all measures showed positive increase in the
NEO-MOM group relative to the PRINT group (Table 4), there was only one measure, providing animal
protein for the child that increased significantly in the NEO-MOM group (Z = −2.242; p-value = 0.025).
Maternal outcome expectation for providing the children with animal protein was increasing for both
NEO-MOM group (from 5.12 at baseline to 5.33 at 3-month evaluation) and PRINT group (from 5.13 at
baseline to 5.17 at three months) even though it was not statistically significant.
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3.2.6. Maternal Nutrition Literacy
All measures of maternal nutrition literacy were not showing good internal consistency with
Cronbach alpha <0.65. At baseline, Cronbach alpha obtained for maternal nutrition literacy for
macronutrient domain was 0.56, for household food measures was 0.14, and for grouping foods
according to Indonesian version of MyPlate was 0.41. After three months intervention, the internal
consistency was also not good for all domains of nutrition literacy: macronutrient (Cronbach alpha =
0.53), household food measures (Cronbach alpha = 0.33), grouping foods (Cronbach alpha = 0.64).
Because the data for maternal literacy was not normally distributed, we employed repeated
Mann Whitney test for statistical analysis. Results showed no significant effect of the intervention on
the mother’s nutrition literacy measures (Table 4). The greatest change in the nutrition literacy was
observed in the NEO-MOM group for the literacy test for food group categorization test using the
Indonesian version of MyPlate called “Piring Makanku” (Z = −1.442; p-value = 0.149).
3.2.7. Maternal Dietary Intake
Based on the results of the Mann Whitney test, almost all measures of maternal dietary intake
showed no significant effect with only total energy (caloric) intake that was statistically significant in
the NEO-MOM group (Table 4). Mother’s total energy intake in the NEO-MOM group decreased from
1075 kcal at baseline to 845 kcal at 3 months (Z = −2.393; p-value = 0.017) and declined in the PRINT
group from 1029 kcal at baseline to 840 at 3 months (Z = −1.135; p-value = 0.257).
3.2.8. Moderation of Intervention Effects
For all variables that passed the normality assumption we used the household food insecurity
access scale (HFIAS) score as the covariate. Our results showed that the HFIAS score was a significant
moderator of some of the significant outcome variables measures. Treated as a covariate in the mixed
method ANOVA analysis, the HFIAS score revealed significant between-subjects effects for maternal
self-efficacy (barriers) in providing children with animal protein (F(1, 64) = 5.534, p-value = 0.022),
self-efficacy (task) in eating fruit (F(1, 64) = 4.943, p-value = 0.030), self-efficacy (task) in eating
vegetables (F(1, 64) = 4.781, p-value = 0.033), and self-efficacy (task) in providing their child with
animal protein (F(1, 64) = 6.802, p-value = 0.011).
4. Discussion
The goal of this study was to empower and equip overweight or obese mothers to overcome the
double burden of malnutrition. Mothers received training on strategies in overcoming the double
burden of malnutrition. They were trained through behavioral strategies such as mastery experience,
vicarious experience, goal setting, and verbal motivation to achieve better health outcomes for
themselves, as well as for their children. The hypothesis of this randomized controlled trial was
that applying behavioral intervention strategies based on Bandura’s Social Cognitive Theory for three
months would be effective in improving child growth to address the issue of child stunting in a
household facing the double burden of malnutrition. Results revealed that after a 3-month intervention
there was a positive increase in child height in both groups but no catch-up in terms of the HAZ score.
The lack of significance in the time and group interactions as well as the test of the between-subjects
effect indicated that the significant time effect observed could well be attributable to the natural growth
of the child and not the intervention.
Another possible explanation for the observed results might be related to the compliance
of the mothers in implementing the Indonesian government food supplementation program for
the underweight children. Compared to the previous study in Bangladesh that included food
supplementation as a part of the intervention [6,7], in our study we relied on the food supplementation
part from the government program and use it as an inclusion criterion for eligible participants.
Hence, the amount of effort in ensuring participant’s compliance in the use of food supplementation
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in the Bangladeshi study was likely to be more rigorous than this one. But, because we did not
measure the compliance rate related to the consumption of food supplementation from the government,
a comparison with previous study in Bangladesh was not possible.
Furthermore, children 2 to 5 years old have passed the optimum time for rapid linear growth
that occurs during the first 1000 days of life. However, stunted children in this age range needed
an intervention to catch up with their normal peers. In terms of the height-for-age z-score (HAZ)
measure, we did not find a significant effect in both the intervention and comparison group. The fact
that our intervention targeted children from the age of 24 months to less than 5 years old might
have hindered the effect in comparison to one targeting children during the first 1000 days of life or
from the womb up to 24 months old when they have the best opportunity for growth improvement.
Results of a meta-analysis on interventions aimed at improving child nutritional status revealed that
interventions were generally more effective for children under the age of 2 years, and for those who
were nutritionally deprived [13].
We saw a significant increase in child’s weight overtime for both group (p-value = 0.023), and there
was borderline significant difference in the weight change from baseline between intervention and
comparison group (p-value = 0.050). While for child’s height, no significant difference was observed
between the effect of intervention and comparison condition (p-value = 0.143). This supports a previous
study in a developing country that reported greater effect size in increasing a child’s weight than in
improving a child’s linear growth [6].
All of the maternal primary outcome measures showed no significant improvement after
a 3-month intervention for both groups. For anthropometric outcomes such as weight, waist
circumference and BMI it might take longer for the intervention to have significant effects. The length of
time employed in the current study was calculated based on the time needed to improve child’s height
from a previous study and was not based on the maternal anthropometric measures. Therefore, the lack
of significant effects in our study for maternal primary outcomes might be due to the insufficient
length of the intervention.
However, we saw significant improvement on almost all measures of maternal self-efficacy for
both tasks and barriers. There was significant increase for all four maternal self-efficacy (barriers) and
two of the maternal self-efficacy (tasks) overtime. This result aligned with a study in Australia that
showed maternal self-efficacy was a good predictor for the quality of diet among children aged 3 to
5 years [14]. Mother’s child feeding behavior was indirectly related to child vegetable intake through
maternal feeding self-efficacy in an Australian population [15]. Results from qualitative studies also
support the importance of self-efficacy in influencing healthy eating decision-making [16] and food
preparation behavior [17]. Even though we did not directly measure mother’s behavior towards child
feeding practices, we found significant effect of the intervention for both NEO-MOM and PRINT group
in household’s dietary diversity as an indirect measure of maternal healthy food choice behavior.
We measured behavior in terms of dietary diversity as an indication of healthy food choice
in the household. The results revealed a significant effect but in a negative direction. After the
3-month intervention, the average household dietary diversity score significantly decreased for both
the NEO-MOM group and comparison group. This may have been affected by the time the interview
was conducted between baseline and the 3-month evaluation. Baseline data were collected at the
beginning of the month, while the evaluation data was collected at the end of the month. Results may
have been influenced by food budget availability and the fact that most Indonesian people receive
their salary at the beginning of the month and may have had more money to spend on food at that
time, as compared to the end of the month [18].
The effect of our intervention on maternal dietary intake was significant only for total energy
(caloric) intake in the intervention group. These results align with previous RCTs on weight loss that
suggest that as the first step in trying to lose weight, women tend to reduce their caloric intake. Other
nutrient intake did not show significant results, perhaps because our two times in 24 h dietary recall
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may not have been sufficient to capture the variability of micronutrient intake as compared to total
energy [19].
There was no significant effect revealed in the three domains of maternal nutrition literacy used
in this study. These results might be related to the fact that our intervention was designed based on the
behavioral strategies that followed the tenets of Social Cognitive Theory. Even though we provided six
weeks (over 600 h) of nutrition education classes to improve mothers’ knowledge, the content might
not necessarily fit with the questions included in the validated nutrition literacy questionnaire [20].
The tools for nutrition literacy developed in the more highly educated settings in the U.S. might be too
difficult to for mothers with less education in developing countries such as Indonesia.
Strengths and Limitation
To the best of our knowledge, this study was the first to conduct a randomized controlled trial
(RCT) on households experiencing the problem of double burden of malnutrition in the form of
the coexistence of stunted children and overweight/obese mother pairs (SCOWT). The strength of
the study was a solid methodological approach and RCT design, a small attrition rate of around
5.5% in each group, and the high participation from local community health workers to deliver the
intervention that promote adoption of our strategies. However, with limited resources, we could not
incorporate supplementary feeding as part of our intervention, but we made use of the Indonesian
government’s 3-month supplementary feeding program to overcome severely underweight children
as inclusion criteria. Therefore, a limitation of the study was the absence of a true control group.
Without it, it is impossible to know whether the observed time effect was significantly different from
natural growth following the age increase. For this reason, we may have underestimated the effect of
print educational materials and ongoing food supplementation by the Indonesian government. Our
observed effect could have been higher if we did not use the HFIAS score (measure of food insecurity)
as covariates in the analysis. In this study we also assume that the mother was the focal member of the
household responsible for purchasing food and its distribution in the family, which might not always
be true. Other concerns might arise from the use of relatively high effect size from previous study [7]
in calculating the sample size that might be attributable to under power the study. However, we
minimize the effect by using fairly substantial bigger power relatively compared to the traditional 80%.
The application of our results might be limited to an urban population in a developing country setting.
5. Conclusions
The behavioral-based nutrition education intervention produced strong improvement in maternal
self-efficacy to engage in physical activity, eat fruits and vegetables, and to provide children with
growth-promoting animal protein, but did not significantly influence child height gain. Although
both of our interventions (NEO-MOM and PRINT) allowed significant increases in child growth
overtime, no catch-up growth was observed in either group. Relative to the PRINT comparison group,
our intervention improved almost all maternal self-efficacy measures, which are viewed as necessary
steps for engaging in healthy behaviors. The behavioral intervention in this study was deemed feasible
and it had a good retention rate. This study provides a basis for potential strategies to reduce the rate
of child stunting in households undergoing double burden of malnutrition.
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Abstract: Physical activity and diet are important contributors to overall health and development
in adolescents. There remains, however, limited research on the combined association of sports
participation and dietary pattern on motor competence, which is crucial for an active lifestyle during
and beyond adolescence. The present study, therefore, examined the association between sports
participation, dietary pattern, and motor competence in 165 middle school students (55% male)
between 11 and 14 years of age. Body weight and height were measured, and motor competence was
determined via the German motor test during regular Physical Education (PE). Further, participants
completed a food frequency questionnaire and reported their engagement in club sports. Of the
total sample 20% were overweight/obese and 49% reported participation in club sports, with no
differences between boys and girls. Interaction effects of sports participation and dietary pattern
on motor competence were limited, but sports participation and healthy diet were independently
associated with higher motor performance. Healthy dietary choices, along with participation in
club sports, therefore, should be promoted in adolescents in order to facilitate motor development.
As adolescence is a crucial time for the establishment of lifelong behaviors, such efforts could facilitate
a healthy lifestyle throughout adulthood.
Keywords: physical activity; food intake; adolescents; movement skills; fitness
1. Introduction
Low levels of physical activity (PA) and poor dietary choices are considered key health risk
factors in youth [1]. In fact, 70% of premature deaths are attributed to behavioral choices begun
during adolescent years [2]. Accordingly, adolescence provides a crucial window of opportunity
for sustainable health promotion, including sufficient PA and healthy dietary choices [3]. Current
guidelines emphasize a minimum of 60 min of moderate-to-vigorous PA [4], along with a diverse
dietary intake that includes high consumption of leafy greens, fruits and vegetables, poultry, fish, and
dairy while the consumption of fat and sugars should be limited [5]. Nevertheless, sedentary choices
during leisure time, along with prolonged sitting times during school time are common in youth [6–8],
and many children and adolescents do not meet current dietary recommendations [9,10]. Low PA
levels most likely also contributed to a decline in physical fitness and motor competence in children
and adolescents [11,12], which is a crucial contributor to a sustainable active lifestyle, as well as overall
health and well-being [13,14].
In light of these trends, organized PA, including club sports, provides important opportunities
for PA and the establishment of healthy behaviors [15,16]. In fact, a study in Australian adolescents
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between 10 and 16 years of age showed that they accrued the majority of their total PA during
organized PA such as club sports [17]. Participation in sports during childhood and adolescence has
also been associated with higher PA levels during adulthood [18,19]. With more than two-thirds of
children and adolescents in various European countries participating in club sports, this may also be
a viable setting for interventions targeting an active and healthy lifestyle [20]. In addition to beneficial
associations with overall PA [21–23], participation in club sports has been associated with increased
physical fitness and motor performance [24,25], as well as beneficial socio-emotional outcomes [26]
and higher academic achievement [27,28]. A recent study further indicates beneficial associations
between club sports participation and food intake [29], but the overall evidence on this relationship
remains equivocal [30]. This may, at least partially, be attributed to higher energy needs in more active
youth [31]. Accordingly, there appears to be a positive association between physical fitness and energy
intake in children and adolescents [31,32]. Nevertheless, higher physical fitness has been associated
with healthier dietary choices in adolescents, while this association is less clear in children [33–35].
Limited research, however, is available on the combined association of dietary pattern and
sports participation with motor competence. Given the complex interaction between behavioral
choices (i.e., diet and sports) and motor development, and the importance of motor competence in
the promotion of an active lifestyle [36], such information may help with the refinement of current
interventions, as well as the development of new strategies for the promotion of motor development
in youth. The present study, therefore, examines the combined and independent association of club
sports participation and dietary habits with motor competence in Austrian middle-school students.
It was hypothesized that club sports participation, as well as healthy dietary patterns, are positively
associated with motor competence. Further, it was hypothesized that the association between dietary
pattern and motor competence is more pronounced in adolescents not participating in club sports.
2. Materials and Methods
A convenience sample of nine classes between grades 6 and 8 from middle schools in the Federal
State of Tyrol, Austria, were selected for participation, resulting in 172 eligible participants between 11
and 14 years of age. Parents were informed about the nature of the study via mail, and provided written
informed consent. Oral assent was obtained from the participants at the time of data collection, which
occurred during May and June of 2018. The study was performed according to the ethical standards of
the 2008 Declaration of Helsinki, with the study protocol being approved by the Institutional Review
Board of the University of Innsbruck, the school board of the Federal State of Tyrol and the principals
of the participating schools (approval number: 16/2017).
Anthropometric measurements. Body weight (kg) and height (cm) were measured according
to standard procedures during a physical education class, by trained technicians, with participants
wearing gym clothes and being barefoot. Body weight was measured to the nearest 0.1 kg with a gauged
body scale (SECA® 803, Seca, Hamburg, Germany), and height was measured to the nearest 0.1 cm with
a mobile stadiometer (SECA® 217, Seca, Hamburg, Germany). Body mass index (BMI, kg/m2) was
calculated and converted to BMI percentiles based on the German reference system [37]. Subsequently,
participants were classified as non-overweight/obese or overweight/obese using the 90th percentile.
Motor Competence. Following anthropometric measurements, motor competence was assessed
via the German motor test (Deutscher Motorik Test, DMT6-18), which consists of eight test items to
evaluate endurance, power, speed, coordination, and agility [38]. Specifically, the DMT6-18 consists
of a 20 m sprint, sideways jumping, standing long jump, sit ups, push-ups, backwards balancing,
a stand and reach test, and a 6 min run. After a standardized 5 min warm-up, participants started
the test with the 20 m sprint. Other tests were completed in random order, except for the 6 min run,
which was completed at the end of the session. All tests, including practice trials, were administered
in accordance with the specifications provided by the test manual [38]. In addition to raw performance
scores, age- and sex-specific standardized values were calculated based on a German reference sample,
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which were used in the statistical analyses. The mean of these standardized scores was further used to
calculate an overall motor competence score.
Dietary assessment. Dietary information was obtained via a standardized food frequency
questionnaire that has been used previously with Austrian adolescents [39]. The questionnaire was
administered by a trained technician during regular class time. Participants reported the frequency
(days/week) of the consumption of 42 foods that were subsequently summarized into food groups.
Principal component analysis was used to identify dietary patterns. The analysis revealed three factors
with an Eigenvalue >1, which explained 55.9% of the total variance of dietary intake. Specifically,
factor 1 was characterized by high loadings of meat, fish, bread (white and/or wholemeal), pasta and
sweets consumption (meat/carbohydrates (CHO)); factor 2 was characterized by high loadings of
milk, cereal, nuts and fruits (milk/cereal); and factor 3 was characterized by high consumption of
water and vegetables, as well as low consumption of fast food (FF) and soft drinks (water/low FF).
Club sports participation. Participants also reported whether they participated in club sports, and
how much time was spent in organized PA. Due to the limited variability in time spent in club sports,
participants were stratified into club sports or no club sports for subsequent analyses.
Statistical Analysis. Descriptive statistics were calculated, and data was checked for normal
distribution. Sex differences for club sports participation and weight status were determined via
Chi-square tests, while differences in motor competence and dietary pattern were examined via
multivariate analysis of variance (MANOVA). Tertiles of diet factor scores were used to examine the
interaction and the main effects of club sports participation and dietary pattern on motor competence
and body weight via 2 × 3 MANOVA (sports participation × diet factor tertiles). In a secondary
multivariate analysis of covariance (MANCOVA), sex and BMI percentiles were included as covariates
(2 × 3 MANCOVA).
3. Results
A total of 165 middle school students (55% male) provided complete data on food intake and
motor competence. Descriptive data of the sample are shown in Table 1. Boys were significantly
older than girls, and accordingly, were taller and heavier. There was, however, no sex difference
in BMI percentile and the prevalence of overweight/obesity (girls: 17.1%, boys: 23.2%, p = 0.358).
Almost half of the sample (48.5%) reported participation in club sports, with no difference in the sports
participation rate between boys and girls (boys: 46.2%, girls: 51.4%, p = 0.506). Based on the absolute
performance scores, boys performed significantly better than girls in the standing long jump and sit
ups (p < 0.001) while girls performed better than boys in the stand and reach test (p < 0.001). Using age-
and sex-normalized values, girls displayed higher scores compared to boys in the stand and reach test,
sit ups, and 6-min run (Table 1). Boys, on the other hand, performed significantly better than girls at
the 20 m sprint when using age- and sex-normalized values. Sex differences in total motor competence
were borderline significant (p = 0.056), with girls having higher values than boys.
Dietary pattern also differed between boys and girls. Specifically, girls reported less frequent
consumption of meat and soft drinks compared to boys, while their consumption of fruits and
vegetables was more frequent (Table 2). This resulted in significantly lower scores on the meat/CHO
factor (p = 0.020) in girls, while their score was higher for the water/low FF factor, compared to boys
(p = 0.006). No significant sex difference occurred for the milk/cereal factor (p = 0.225).
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Table 1. Anthropometric characteristics and motor competence for the total sample and separately for






(N = 91) p *
Age (years) 12.9 ± 1.2 12.6 ± 1.1 13.1 ± 1.2 0.009
Height (cm) 161.3 ± 8.9 158.8 ± 6.8 163.4 ± 9.9 0.001
Weight (kg) 53.8 ± 14.3 51.3 ± 9.9 55.9 ± 16.9 0.043
BMI percentile 59.4 ± 29.4 60.9 ± 27.5 58.2 ± 31.0 0.563
20 m sprint (sec) 3.8 ± 0.4 3.9 ± 0.4 3.7 ± 0.4 0.023
Balance (steps) 38.2 ± 9.1 39.5 ± 7.5 37.2 ± 10.2 0.755
Sideways jump (# in 15 s) 42.1 ± 7.5 41.4 ± 7.0 42.6 ± 7.9 0.554
Stand and reach (cm) −0.3 ± 9.7 3.8 ± 8.5 −3.6 ± 9.3 0.011
Push-ups (# in 40 s) 15.6 ± 3.9 15.6 ± 3.4 15.6 ± 4.2 0.067
Sit ups (# in 40 s) 23.9 ± 4.6 22.4 ± 3.8 25.1 ± 4.9 0.011
Standing long jump (cm) 171.0 ± 29.7 159.5 ± 25.2 180.3 ± 29.8 0.648
6 min run (m) 997 ± 157 988 ± 119 1005 ± 183 <0.001
Total motor competence 103.3 ± 7.7 104.6 ± 6.9 102.3 ± 8.1 0.056
* p-value based on age- and sex-normalized values. # number of repetitions performed. BMI: Body mass index.
Table 2. Frequency of consumption of food groups (days/week). Values are Means ± SD.
Total Sample Girls Boys p
Meat 2.5 ± 1.2 2.1 ± 1.1 2.7 ± 1.2 0.002
Fish & Eggs 1.8 ± 1.2 1.6 ± 1.0 2.0 ± 1.3 0.051
Milk 2.2 ± 1.0 2.2 ± 1.1 2.3 ± 1.0 0.458
Carbs 2.2 ± 1.1 2.2 ± 1.0 2.2 ± 1.1 0.702
Bread 3.2 ± 0.9 3.3 ± 0.8 3.1 ± 1.0 0.371
Nuts & Seeds 1.2 ± 0.9 1.2 ± 1.0 1.2 ± 0.9 0.662
Fast Food 1.6 ± 0.9 1.5 ± 0.8 1.7 ± 0.9 0.105
Sweets 2.6 ± 1.1 2.5 ± 1.1 2.7 ± 1.2 0.420
Fruits 2.7 ± 1.2 2.9 ± 1.3 2.6 ± 1.1 0.044
Veggie 2.5 ± 1.5 2.9 ± 1.6 2.2 ± 1.4 0.003
Soft Drink 2.3 ± 1.3 2.0 ± 1.1 2.6 ± 1.3 0.001
Water 4.4 ± 1.6 4.6 ± 1.7 4.2 ± 1.5 0.126
Dietary patterns did not differ by sports participation. The association between sports
participation and meat/CHO intake, however, reached borderline significance (p = 0.057), with lower
values occurring in adolescents participating in club sports. There was no difference in the prevalence of
overweight/obesity by club sports participation, and across tertiles of diet factors. Also, no interaction
effects of diet pattern and club sports participation on BMI percentile were observed.
Motor competence, however, was significantly associated with club sports participation and
dietary pattern. Combined associations of diet and sports participation with motor competence,
however, were limited. The only significant combined association was observed between club sports
participation and milk/cereal consumption on backwards balancing (p = 0.008), with a stronger
association between dietary pattern and motor competence in adolescents not participating in club
sports (Table 3).
Several independent associations of club sports participation and dietary pattern on motor
performance were observed. Specifically, club sports participation was associated with better
performance on all individual motor competence test items (p < 0.050), except for the stand and
reach test, resulting in better overall motor competence in participants reporting club sports, compared
to those not reporting club sports (Figure 1). Regarding dietary patterns, higher water/low FF
consumption was associated with better performance on sideways jumping (p for trend = 0.022),
push-ups (p for trend = 0.020), sit ups (p for trend = 0.030), and 6-min run (p for trend = 0.032)
(Figure 2). Further, lower scores on the milk/cereal factor were associated with better standing
long jump performance and total motor competence (p for trend < 0.050). There was no significant
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association between meat/CHO consumption and motor competence. All previously reported results
remained essentially unchanged after adjusting for sex and BMI percentile.
Table 3. Motor competence by milk/veggie consumption and sports participation. Values are sex-and
age-normalized Means † ± SD.
Low Milk/Cereal Moderate Milk/Cereal High Milk/Cereal
Club Sports No Club Sports Club Sports No Club Sports Club Sports No Club Sports
20 m sprint 1 108.9 ± 13.0 107.5 ± 9.5 106.9 ± 10.7 103.8 ± 14.1 108.1 ± 12.5 99.5 ± 13.0
Balance 1,3,* 104.6 ± 9.6 107.6 ± 8.2 107.8 ± 8.8 99.4 ± 10.2 108.4 ± 9.8 103.6 ± 11.1
Sideways jump 1,* 118.0 ± 6.9 111.6 ± 9.7 116.7 ± 7.9 111.7 ± 12.6 117.6 ± 7.9 110.1 ± 12.3
Stand and reach 101.5 ± 12.1 102.0 ± 9.3 101.9 ± 12.0 97.8 ± 12.3 100.3 ± 11.8 98.7 ± 11.1
Push-ups 1,* 111.2 ± 9.6 109.1 ± 7.9 110.1 ± 11.5 104.3 ± 13.3 111.5 ± 10.8 102.2 ± 10.9
Sit ups 1 97.3 ± 8.7 96.9 ± 7.7 96.0 ± 9.2 92.1 ± 10.4 97.0 ± 7.4 91.8 ± 7.5
Standing long jump 1,*,2 107.2 ± 9.2 104.2 ± 9.2 105.5 ± 12.6 100.6 ± 13.7 105.1 ± 11.0 97.4 ± 11.7
6 min run 1,* 97.0 ± 10.1 94.1 ± 11.4 98.3 ± 9.1 89.3 ± 12.2 97.0 ± 9.6 89.8 ± 11.6
Total motor competence † 1,*,2 105.8 ± 6.4 104.2 ± 5.8 105.5 ± 6.3 100.0 ± 9.4 105.8 ± 7.1 98.4 ± 7.5
† Values >100 indicate above-average performance, while values <100 indicate below-average performance. 1
Significant main effect for club sport (p < 0.050; * p < 0.010). 2 Significant main effect for milk/veggie consumption (p
for trend < 0.050; * p < 0.010). 3 Significant interaction effect of milk/veggie consumption and club sport participation
(p < 0.050; * p < 0.010).
Figure 1. Main effects of club sports participation on motor competence based on 2 × 3 multivariate
analysis of variance (MANOVA) (club sports by Water/low fast food (FF)). Values are sex-and
age-normalized means with S.E.; * p < 0.050 ** p < 0.010. MC: motor competence.
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Figure 2. Main effects of club sports participation on motor competence based on 2 × 3 MANOVA
(club sports by Water/low FF). Values are sex-and age-normalized means with S.E.
4. Discussion
Even though several studies have examined the association between sports/PA and motor
competence [40–43], there exists limited research on the association between motor competence
and dietary pattern. To the authors’ knowledge, this was also the first study that examined the
combined association of dietary pattern and club sports participation with motor competence in
Austrian adolescents. While there were no significant associations between dietary patterns and club
sports participation, the present study showed independent associations of dietary pattern, as well as
club sports participation with motor competence in middle school students. Specifically, club sports
participation and healthier dietary choices (i.e., high water and low fast food/soft drink consumption)
were associated with higher motor competence. High milk/cereal consumption, on the other hand,
was associated with lower motor competence, particularly in participants not reporting club sports.
These associations were independent of body weight, and neither club sports participation nor dietary
pattern was associated with body weight in the present study.
The positive association between club sports participation and motor competence is consistent
with previous research [43–45]. Longitudinal studies further indicate that the strength and
directionality of the association between motor competence and club sports participation, as well
as PA change over time [46,47]. Particularly during adolescence, motor competence appears to be
an important facilitator and precursor for participation in sports clubs, while high PA and sports
participation may be a prerequisite for motor development during childhood [45–47]. Accordingly,
children and adolescents enter either a positive spiral of high PA, including sports participation
and increased motor competence, or a vicious cycle of low motor competence and disengagement
from sports. The importance of motor competence for sustainable participation in sports during
adolescence may be attributed to an easier acquisition of sport-specific skills in children with higher
motor competence. Higher motor competence also enhances self-efficacy, which facilitates participation
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in PA and sports [46]. In addition to actual motor competence, perceived competence appears to play
an important role in the motivation for participation in sports [48], which is an important component
to continuous engagement in various forms of PA.
Participation in organized sports has also been associated with other healthy lifestyle choices,
including diet [29,49–51]. The present study, however, did not show healthier dietary patterns in
club sports participants. Other studies also reported inconsistent results for the association between
club sports participation and dietary pattern [29,52,53]. Even though sports participation has been
associated with higher intake of fruits and vegetables, club sports participants also have been shown to
consume high amounts of fast food and sugar-sweetened beverages [52]. In fact, it has been argued that
sports participation during middle school is a strong risk factor for high fast food consumption during
high-school years [54]. The higher fast food consumption in sports participants may be attributed to
a more irregular eating pattern and a lower amount of meals consumed at home. The higher energy
needs of more active adolescents may also contribute to the consumption of more energy dense foods,
including fast foods. The results of the present study, nevertheless, indicate beneficial associations of
a healthy dietary pattern with motor competence, independent of club sports participation. Specifically,
healthier dietary choices were associated with better performance on agility, strength, and endurance
tests. Previous studies also reported increased cardiorespiratory fitness with healthier dietary choices,
particularly during adolescence [33,35,55]. While this may, at least partially, be attributed to an
indirect association between body weight and motor competence [56], there was no difference in motor
competence between overweight/obese and normal weight adolescents in the present study. Another
possible explanation, therefore, could be that healthier dietary patterns indicate a greater parental
support for a healthy lifestyle in general, including the facilitation of PA. Accordingly, parents may
facilitate exposure to diverse movement experiences, which would facilitate motor development, even
in the absence of club sports participation. Further, dietary pattern has been associated with sedentary
choices, which also affect motor development [47]. Specifically, high media time has been associated
with poorer diet quality [57,58] as well as low motor competence [47,59].
Sedentary behavior and total PA, rather than participation in club sports, are also crucial correlates
of body weight [60]. Neither sports participation nor dietary pattern, however, was associated with
body weight in the present study. Results on the association between club sports and body weight
have generally been inconsistent [52], which may emphasize the importance of total PA rather than
sports in weight management. In fact, it has been argued that a large amount of time in youth sport is
spent sedentary or in only light PA [61,62]. Similarly, controversy remains on the relationship between
diet and adiposity in youth [30]. Even though several studies showed an inverse association between
dietary intake and body weight [63,64], there are also studies that did not show any association [65],
or even direct associations between diet an body weight [66,67]. At least partially, this may be
attributed to problems in obtaining accurate dietary data, particularly in youth [32]. It should, however,
also be considered that more active youth have higher energy needs [31]. Accordingly, children and
adolescents with high caloric intake may be able to maintain a healthy body weight as long as they are
sufficiently active.
Several limitations of this study, however, need to be considered when interpreting the results.
There was no objective measurement of total PA in the present study. Due to the reliance on
self-reporting, club sports participation was used as an indicator for PA, as this may be reported more
accurately than total PA. Previous research also indicated that participation in club sports is directly
associated with total PA [52]. The sample distribution, however, did not allow for a differentiation
by the amount of participation in club sports (e.g., hours, days); rather, only participants vs.
non-participants could be analyzed. An additional limitation is that participants reported frequency
rather than total amount of foods consumed, which provides only limited information on the total
energy content of the diet. There is also an inherent risk of selective over- or under-reporting, due to
social desirability and social approval with any form of diet report. Participants may have difficulties
remembering all the foods, and some foods that they consumed may not have been listed on the
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questionnaire, which could have affected the reported dietary pattern. The cross-sectional nature of the
study further does not allow for the establishment of causal relationships and temporal trends between
sports participation, dietary pattern, and motor competence. In addition, the generalizability of the
results may be limited, due to the small sample size and homogeneity of the study population.
The objective assessment of various components of motor competence with a widely used and
previously validated test, on the other hand, should be considered a strength of the study.
5. Conclusions
PA and healthy dietary habits play a crucial role in the development and general health of
children and adolescents [1]. The present study also showed that both behaviors are independently
associated with motor competence, which is an important component in the facilitation of an active
lifestyle [36]. The facilitation of participation in sports, along with the promotion of healthy dietary
choices may be particularly important during adolescence, as this is a critical time for the development
of future lifestyle choices [3]. Accordingly, coaches, parents, and youth need to be educated on the
importance of adequate nutrition in addition to participation in various forms of PA, including sports,
for optimal motor development. Even though this may require additional efforts and resources, it may
be a worthwhile investment to enhance the health and well-being of future generations.
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Abstract: A chronic inflammatory state is a major characteristic of the aging process, and physical
activity is proposed as a key component for healthy aging. Our aim was to evaluate the body
composition, hypertension, lipid profile, and inflammatory status of older adults, and these factors’
association with physical activity. A total of 116 elderly volunteers were categorized into terciles
of quantitative metabolic equivalents of task (MET). Subjects in the first and third terciles were
defined as sedentary and active subjects, respectively. Anthropometric and biochemical parameters,
hemograms, and inflammatory markers were measured in plasma or peripheral mononuclear blood
cells (PBMCs). The active groups exercised more than their sedentary counterparts. The practice
of physical activity was accompanied by lower weight, fat mass, body mass index, and diastolic
blood pressure when compared to a more sedentary life-style. Physical activity also lowered the
haematocrit and total leukocyte, neutrophil, and lymphocyte counts. The practice of exercise induced
a decrease in the IL-6 circulating levels and the TLR2 protein levels in PBMCs, while the expression of
the anti-inflammatory IL-10 was activated in active subjects. The regular practice of physical activity
exerts beneficial effects on body composition and the anti-inflammatory status of old people.
Keywords: immunity; inflammation; metabolism; physical activity
1. Introduction
Ageing is an unavoidable process in all animals and is characterized by progressive accumulation
of cell and organ damage, which result in organism malfunction. In the past few centuries,
the proportion of elderly people has been continuously increasing worldwide and is projected to
reach 19.3% of total population by 2050 [1]. Although ageing has an unavoidable and intrinsic
component, it is also importantly modulated by several external factors, such as exposure to chemicals,
lifestyle, or nutrition [2]. Therefore, it seems clear that the progression of ageing can be, at least in
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part, counteracted by the combination of adequate nutritional intake and a healthy lifestyle, the latter
including the regular practice of physical activity [3].
Several studies have evidenced the beneficial effects of physical activity on longevity, showing
that regular physical activity is associated with a 30% reduction in the risk of mortality in subjects
without CV disease [4], which might correspond to one to two years of additional life [5]. On the other
hand, physical inactivity causes 6–10% of the burden of several diseases (including coronary heart
disease, diabetes, and cancer) and 9% of premature mortality [6]. In fact, regular physical activity
prescription for healthy ageing is a key point for chronic disease management and prevention [4,7].
These positive effects of physical activity might be related to greater conservation of lean tissue [8],
lower body mass, and less relative body fat [9] in old adults engaging in high levels of physical activity
in comparison to individuals who are more sedentary.
Regular physical activity has also been shown to reduce the risk of several diseases, such as
cardiovascular disease, stroke, hypertension, type 2 diabetes, osteoporosis, obesity, colon cancer,
breast cancer, anxiety, and depression [10]. Most of these diseases are directly or indirectly related
to inflammation processes. In this instance, the benefits of exercise on life-span have been related to
different cardioprotective mechanisms, including effects on endothelial function and inflammation [4].
Actually, it has been shown that exercise training exerts anti-inflammatory effects in aged or diseased
populations [11], and these effects might be mediated by decreases in TNF-α expression in skeletal
muscle, among other effectors [12]. Increased risk of chronic diseases has been associated with
elevated inflammation markers [13,14], while the practice of physical activity has shown to reduce
pro-inflammatory biomarkers such as C-reactive protein [15], TNF-α [16], or interleukin (IL) 6 [17,18].
Old people usually face a situation of chronic low-grade inflammation. It has been stated
that inflammatory cytokines are elevated, and anti-inflammatory cytokine concentrations are
lowered, in healthy adults over 50 years of age [19]. This behaviour has been associated with
redistribution of body fat and concomitant increases in circulating fatty acids that lead to the
activation of proinflammatory macrophages [20]. This chronic low-grade inflammatory status, termed
inflamm-aging by some authors [14,21], appears to be a major component of the most common
age-related diseases, such as diabetes, osteoporosis, cardiovascular diseases, and cancer.
Therefore, the aim of this study was to evaluate the body composition, hypertension, and lipid
metabolic profile, as well as the inflammatory status, of older adults, as well as its association with the
regular practice of physical activity.
2. Materials and Methods
2.1. Subjects and Study Design
A total of 116 elderly volunteers (58 men aged between 55 and 80 years and 58 women aged
between 60 and 80 years) participated in the study. These volunteers were selected from a larger
study population conforming the PHYSMED project (with a total of 380 participants), a multi-centre,
cross-sectional study aiming at identifying cardiovascular risk factors in sedentary and active elderly
subjects. The 116 volunteers included in this study were recruited in social and municipal clubs,
health centres, and sport clubs in different villages and cities of Mallorca, Spain. Exclusion criteria
included being institutionalized, suffering from a physical or mental illness that would have limited
their participation in physical fitness or their ability to respond to questionnaires, chronic alcoholism
or drug addiction, and intake of drugs for clinical research over the past year.
The physical activity performed by the participants was measured using the Minnesota
Leisure-time Physical Activity Questionnaire previously validated for the Spanish old adult
population [22,23]. This questionnaire included a list of physical activities, and the participants
were asked about what type of leisure-time physical activities (LTPA) they had performed during
the last year. The participants estimated the duration of the activities performed each hour/week by
using metabolic equivalents of task (MET, defined as 1 kcal/kg/hour and equivalent to the energy
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cost of sitting quietly) [24]. The resulting quantitative MET for each participant were categorized into
terciles [25], and subjects in the first and the third terciles were selected to take part in this study and
defined as sedentary and active subjects, respectively.
The study was conducted according to the guidelines laid down in the Declaration of Helsinki,
and all procedures were approved by the Ethics Committee of Clinical Research of the Balearic Islands
(CEIC-IB, ref. 1295/09 PI). All the subjects were informed of the purpose and demands of the study
before giving their written consent to participate.
Venous blood samples were obtained from the antecubital vein of participants in resting conditions
after overnight fasting. The peripheral blood mononuclear cell (PBMC) fraction was purified from
whole blood following an adaptation of the method described by Boyum [26] using Ficoll-Paque PLUS
reagent (GE Healthcare). This procedure ensures a PBMC purity and viability of 95 ± 5%.
2.2. Anthropometric Characteristics
Anthropometric measurements were performed by well-trained dieticians who underwent
identical and rigorous training as an effort to minimize the effects of inter-observer variation. Height
was determined using a mobile anthropometer (Seca 213, SECA Deutchland, Hamburg, Germany)
to the nearest millimetre, with the subject’s head in the Frankfurt plane. Body weight, body fat,
and muscle mass were determined using a Segmental Body Composition Analyzer (Tanita BC-418,
Tanita, Tokyo, Japan). The participants were weighed in bare feet and light clothes, subtracting
0.6 g for their clothes. Body mass index (BMI) was calculated using the following formula:
BMI = mass (kg)/squared height (m).
2.3. Biochemical Parameters and Hemogram
Glucose, triglycerides, total, high-density lipoprotein (HDL), low-density lipoprotein (LDL) and
very low-density lipoprotein (VLDL) cholesterol, urea, uric acid, and creatinine were determined by
standard procedures using commercial clinical kits in an autoanalyzer system (Technicon DAX System).
Haematological parameters and hemogram were determined in an automatic flow cytometer
analyser Technicon H2 (Bayer, Leverkusen, Germany) VCS system. Haemoglobin concentration was
determined using Drabkin reagent (Sigma Aldrich, St. Louis, MO, USA).
2.4. Circulating Inflammatory Parameters
IL-6, sCD62L, and sICAM3 plasma levels were determined using individual ELISA kits from
Diaclone (Besançon, France). TNFα was determined using the RayBiotech (Norcross, GA, USA) ELISA
kit. All procedures were performed following the supplier instructions for use.
MPO activity in plasma was measured by guaiacol oxidation, under identical conditions to those
previously described [27].
2.5. mRNA Gene Expression
mRNA expressions were determined by real time-polymerase chain reaction (RT-PCR). For this
purpose, mRNA was isolated from PBMC by extraction with Tripure Isolation Reagent (Roche, Basel,
Switzerland). cDNA was synthesized from 1 μg total RNA using reverse transcriptase with oligo-dT
primers. Quantitative PCR was performed using the LightCycler instrument (Roche Diagnostics, Basel,
Switzerland) with DNA-master SYBR Green I. The primers used are shown in Table 1. For all PCRs,
there was one cycle at 95 ◦C for 10 min, followed by 40 cycles at the conditions shown in Table 1.
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Table 1. Primers and conditions used in the PCRs.
Gene Primer Conditions
18S






′-GTG TAA TCC GTC TCC ACA GA-3′
IL-1ra






′-CGC TCA GGT CAG TGA TGT TAA-3′
IL10






′-CCA CGG CCT TGC TCT TGT T-3′
IL1β






′-GGC AGA CTC AAA TTC CAG CT-3′
NFκB






′-CGA AGC CGA CCA CCA TGT-3′
TLR4






′-TCA GAG GTC CAT CAA ACA TCA C-3′
TNFα






′-CTG GTT ATC TCT CAG CTC CAC GCC ATT-3′
IL6






′-TCA CCA GGC AAG TCT CCT CAT TG-3′
The relative quantification was performed by standard calculations considering 2(−ΔΔCt). mRNA levels of sedentary
males were arbitrarily referred to as 1. The expression of the target gene was normalized with respect to
ribosomal 18S.
2.6. Western Blot Analysis in PBMCs
Toll-Like Receptor (TLR) 2 and 4 protein levels were determined in PBMCs by Western blot.
Protein extracts were analysed by SDS–polyacrylamide gel electrophoresis (SDS–PAGE). Total protein
concentrations were measured by the method of Bradford [28]. 80 μg of total protein was loaded
on a 12% agarose gel. Following electrophoresis, samples were transferred onto a nitrocellulose
membrane and incubated with a primary monoclonal anti-TLR2 or anti-TLR4 antibody (Santa Cruz
Biotechnology, Dallas, TX, USA) and a secondary anti-mouse IgG peroxidase-conjugated antibody.
Protein bands were visualized by Immun-Star® Western C® Kit reagent (Bio-Rad Laboratories,
Hercules, CA, USA) Western blotting detection systems. The chemiluminiscence signal was captured
with a Chemidoc XRS densitometer (Bio-Rad Laboratories) and analyzed with Quantity One-1D
Software (Bio-Rad Laboratories).
2.7. Statistical Analysis
Statistical analysis was carried out using a statistical package for social sciences (SPSS 22 for
Windows, SPSS Inc., Chicago, IL, USA). Results are expressed as mean ± standard error of the mean
(SEM) and p < 0.05 was considered statistically significant. The statistical significance of the data was
assessed by a two-way analysis of variance (ANOVA). The statistical factors analysed were (S) sex
and (E) exercise. When significant effects were found, one-way ANOVA was used to determine the
differences between the groups involved.
3. Results
The anthropometric characteristics of the participants are shown in Table 2. The active groups
(both male and female) exercised more than their sedentary counterparts, as evidenced by the
significantly higher degree of physical activity measured in MET-hours/week. No differences in
the degree of physical activity performed were evidenced between males and females. However, males
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were taller, weighed more, and presented higher fat-free mass and body mass index than females.
The practice of regular physical activity was accompanied by significantly lower total weight, fat mass,
body mass index, and diastolic blood pressure when compared to a more sedentary life-style.




Age (years) Male 64.6 ± 1.1 62.5 ± 0.9 0.000 0.339 0.281Female 67.3 ± 1.1 67.4 ± 1.0 *
Physical activity
(MET-hours/week)
Male 40.4 ± 4.4 141 ± 9 #
0.602 0.000 0.071Female 48.4 ± 3.3 126 ± 6 #
Weight (kg) Male 86.1 ± 1.9 78.2 ± 2.0 # 0.000 0.000 0.875Female 69.3 ± 2.2 * 62.0 ± 1.7 *
Height (cm) Male 170 ± 1 171 ± 1 0.000 0.808 0.624Female 157 ± 1 * 156 ± 1 *
Fat-free mass (kg) Male 61.1 ± 1.1 58.8 ± 1.4 0.000 0.142 0.531Female 41.8 ± 0.9 * 40.9 ± 0.6 *
Fat mass (kg) Male 25.0 ± 1.1 19.4 ± 0.9 # 0.090 0.000 0.765Female 27.5 ± 1.6 21.2 ± 1.2 #
Body Mass Index
(kg/m2)
Male 29.6 ± 0.6 26.8 ± 0.5 #
0.038 0.000 0.874Female 28.1 ± 0.8 25.5 ± 0.7 #
Systolic blood
pressure (mm Hg)
Male 141 ± 3 138 ± 4
0.312 0.312 0.796Female 138 ± 4 133 ± 3
Diastolic blood
pressure (mm Hg)
Male 84.8 ± 1.4 81.2 ± 1.8
0.099 0.039 0.883Female 82.0 ± 2.2 77.8 ± 1.8
Mean ± SEM. Statistical analysis: two-way ANOVA, p < 0.05. (S) effect of sex, (E) effect of exercise, and (SxE)
interaction between the two factors. (*) significant differences between sexes; (#) significant differences between
sedentary and active groups.
Neither sex or exercise influenced glucose or triglyceride circulating levels (Table 3). Total
circulating cholesterol was, however, significantly affected by the sex of the participants, with higher
levels observed in women when compared to men. These higher levels of total cholesterol found
in females seem attributable to higher HDL-cholesterol levels, which were also higher in women
compared to men. HDL-cholesterol circulating levels were also significantly affected by exercise,
with those groups of active participants presenting higher levels than their sedentary counterparts.
A significant effect of sex was also evidenced in the circulating levels of uric acid and creatinine: females
presented significantly lower levels of uric acid and creatinine than their respective male counterparts.
Sex also affected several hemogram parameters, as shown in Table 3. In this instance, females
presented significantly lower counts of red blood cells (which resulted in a lower haematocrit and
lower haemoglobin content) and eosinophils, as well as a higher platelet count. On the other side,
the practice of physical activity lowered the haematocrit, through the significant decrease on total
leukocyte count, as well as neutrophil and lymphocyte count.
The circulating levels of key pro-inflammatory proteins are shown in Table 4. No effects of sex
were evidenced in any of the circulating pro-inflammatory proteins measured. A significant effect of
exercise was observed only in IL-6 levels. The practice of exercise induced a decrease in the circulating
levels of IL-6, although this decrease was only significant in the group of females.
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Glucose (mg/dL) Male 100 ± 2 98.8 ± 2.8 0.636 0.153 0.217Female 105 ± 12 87.8 ± 1.8
Triglycerides (mg/dL) Male 111 ± 7 100 ± 6 0.360 0.564 0.289Female 97.2 ± 6.3 100 ± 6
Total cholesterol (mg/dL) Male 197 ± 5 199 + 5 0.016 0.919 0.732Female 214 ± 7 211 ± 6
HDL (mg/dL) Male 44.7 ± 1.6 51.6 ± 2.2 0.000 0.011 0.520Female 57.2 ± 2.0 * 61.3 ± 2.5 *
LDL (mg/dL) Male 130 ± 5 127 ± 5 0.360 0.317 0.676Female 137 ± 6 130 ± 5
VLDL (mg/dL) Male 22.3 ± 1.4 19.9 ± 1.3 0.364 0.532 0.285Female 19.5 ± 1.3 20.1 ± 1.8
Urea (mg/dL) Male 36.3 ± 1.5 36.2 ± 1.7 0.754 0.883 0.909Female 36.0 ± 1.5 35.6 ± 1.2
Uric acid (mg/dL) Male 6.25 ± 0.21 6.03 ± 0.18 0.000 0.087 0.515Female 5.04 ± 0.22 * 4.56 ± 0.20 *
Creatinine (mg/dL) Male 0.829 ± 0.018 0.841 ± 0.016 0.000 0.978 0.460Female 0.728 ± 0.013 * 0.716 ± 0.018 *
Red blood cells (106/mm3)
Male 5.03 ± 0.08 4.90 ± 0.07
0.000 0.103 0.860Female 4.62 ± 0.06 * 4.52 ± 0.08 *
Haemoglobin (g/dL) Male 15.5 ± 0.2 15.3 ± 0.2 0.000 0.056 0.798Female 14.2 ± 0.2 * 13.8 ± 0.1 *
Haematocrit (%)
Male 46.0 ± 0.5 45.0 ± 0.6
0.000 0.048 0.971Female 42.1 ± 0.5 * 41.1 ± 0.4 *
Mean corpuscular volume (fL) Male 91.7 ± 0.9 91.9 ± 0.6 0.480 0.916 0.857Female 91.3 ± 0.7 91.2 ± 0.9
Platelets (103/mm3)
Male 222 ± 10 214 ± 8
0.018 0.195 0.743Female 246 ± 9 232 ± 8
Leucocytes (103/mm3)
Male 6.39 ± 0.29 5.85 ± 0.21
0.423 0.002 0.244Female 6.49 ± 0.32 5.33 ± 0.21 #
Neutrophils (103/mm3)
Male 3.43 ± 0.21 3.15 ± 0.18
0.074 0.006 0.185Female 3.35 ± 0.22 2.56 ± 0.13 #
Lymphocytes (103/mm3)
Male 2.20 ± 0.13 1.94 ± 0.09
0.084 0.039 0.997Female 2.41 ± 0.14 2.15 ± 0.12
Monocytes (103/mm3)
Male 0.512 ± 0.025 0.526 ± 0.027
0.114 0.306 0.116Female 0.511 ± 0.024 0.446 ± 0.022
Eosinophils (103/mm3)
Male 0.220 ± 0.025 0.196 ± 0.020
0.037 0.088 0.586Female 0.187 ± 0.023 0.140 ± 0.013
Basophils (103/mm3)
Male 0.035 ± 0.004 0.037 ± 0.004
0.721 0.855 0.775Female 0.034 ± 0.004 0.034 ± 0.003
Mean ± SEM. Statistical analysis: two-way ANOVA, p < 0.05. (S) effect of sex, (E) effect of exercise, and (SxE)
interaction between the two factors. (*) significant differences between sexes; (#) significant differences between
sedentary and active groups.




IL6 (pg/mL) Male 3.33 ± 0.27 2.55 ± 0.18 0.599 0.001 0.478Female 3.39 ± 0.31 2.19 ± 0.35 #
TNFα (pg/mL) Male 26.6 ± 3.0 21.5 ± 1.8 0.480 0.148 0.997Female 29.1 ± 3.2 23.9 ± 5.6
sCD62L (ng/mL) Male 1507 ± 61 1298 ± 77 0.584 0.132 0.825Female 1631 ± 239 1351 ± 110
sICAM3 (ng/mL) Male 523 ± 24 496 ± 18 0.549 0.318 0.832Female 531 ± 20 514 ± 25
Myeloperoxidase (μkat/mL) Male 139 ± 43 179 ± 45 0.155 0.799 0.514Female 105 ± 36 87 ± 29
Mean ± SEM. Statistical analysis: two-way ANOVA, p < 0.05. (S) effect of sex, (E) effect of exercise, and (SxE)
interaction between the two factors. (#) significant differences between sedentary and active groups.
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The inflammatory status of the organism was additionally studied through the gene (Figure 1)
and protein (Figure 2) expression of pro- and anti-inflammatory cytokines in PBMC. The regular
practice of physical activity influenced the expression of the anti-inflammatory IL-10, with significantly
higher expression levels in active males compared to sedentary males. A similar pattern of response,
although non-significant, was also observed in females. Similarly, exercise also significantly influenced
the gene expression of NF-κB, tending to higher expressions in active participants when compared
to their sedentary counterparts. A significant effect of sex was observed regarding TLR4 gene
expression: significantly higher expression of this gene was observed in active females when compared
to active males.
Figure 1. Peripheral blood mononuclear cells gene expression. (A) Interleukin(IL)-1 receptor antagonist,
(B) IL-10, (C) IL-1β, (D) NF-κB, (E) TLR4, (F) TNFα, (G) IL-6. Results represent mean ± SEM. Statistical
analysis: two-way ANOVA, p < 0.05. (S) effect of sex, (E) effect of exercise, (NS) non-significant.
(*) Significant differences between sexes, (#) significant differences between sedentary and active groups.
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Figure 2. Peripheral blood mononuclear cells protein levels. (A) Tol-like receptor (TLR)2 and (B) TLR4.
Results represent mean ± SEM. Statistical analysis: two-way ANOVA, p < 0.05. (E) effect of exercise.
(#) Significant differences between sedentary and active groups.
A similar (but non-significant) tendency was also observed in TLR4 protein levels (Figure 2).
Finally, TLR2 protein levels were affected by exercise, as evidenced by the significantly lower TLR2
protein levels in the PBMC of active vs sedentary participants (both in males and females).
4. Discussion
Aging has been associated with the functioning of the immune system, and more concretely with
inflammatory responses. A chronic, low-grade inflammatory state, called inflamm-aging by some
authors [14,21], has been proposed as being responsible for a progressive pro-inflammatory status,
which appears to be a major characteristic of the aging process and age-related disease [29]. Therefore,
the modulation of the inflammatory status throughout one’s life might be an adequate strategy to
attain healthy ageing. In this instance, the practice of physical activity has been proposed as a key
component of healthy aging [4,30], and the benefits exerted by exercise might be attributable to the
acquisition of an anti-inflammatory status. In the present study, we demonstrate that regular practice
of physical activity exerts beneficial effects on body composition and the anti-inflammatory status of
old people.
The physical activity performed by the participants was measured in the current study using
the Minnesota Leisure-time Physical Activity Questionnaire, which had been previously validated
for the Spanish old adult population [22,23], and the participants estimated the duration of
the activities performed in hour/week by using metabolic equivalents of task (MET, defined as
1 kcal/kg/hour and equivalent to the energy cost of sitting quietly) [24]. The subjects in the first
tercile (<82 MET-hours/week) were defined as sedentary, while the subjects in the third tercile
(>84 MET-hours/week) were defined as active subjects. As expected by this classification, the active
subjects performed around three-fold more physical activity than the sedentary subjects, both in the
male and female groups. This regular practice of physical activity translated into a lower weight, a
lower fat mass content, and a lower BMI. These results are in accordance with previous reports that
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evidenced that the regular practice of physical activity by old people reduces fat mass and BMI and
increases fat-free mass [31,32]. These effects on body composition were also accompanied by reduced
diastolic blood pressure in the physically active subjects, as has been extensively reported in subjects
performing aerobic exercise [33]. The effects of sex on the body composition were also evidenced, as
women presented lower fat-free mass and higher fat mass than their male counterparts.
The practice of physical activity also had positive effects on the levels of HDL-cholesterol, which
is in accordance with previous reports [34,35]. Lipid parameters were also affected by sex, with women
presenting higher total cholesterol circulating levels, which were attributable to higher HDL-cholesterol.
These results are in accordance with previous reports on different European populations showing that
HDL-cholesterol circulating levels are higher in women than in men [36,37].
The active subjects presented a lower haematocrit than their sedentary counterparts, but similar
values of red blood cells counts, haemoglobin levels, and mean corpuscular erythrocyte volume.
The lower haematocrit was accompanied by a certain degree of leucopoenia. Although decreases
in the number of circulant erythrocytes have been reported in response to acute bouts of physical
activity [38], these changes are not always found in well-trained subjects [39], and even increases in the
haematocrit and erythrocyte number have been reported in both amateur and professional sportsmen
after maximal and submaximal tests and a cycling stage [40]. The leucopoenia found in the active
participants of the current study was explained by lower counts of both neutrophils and lymphocytes
and is in accordance with previous studies reporting a certain degree of leucopoenia in response to
the regular practice of physical activity, which in turn is interpreted as part of an anti-inflammatory
response [41].
The systemic inflammatory status of the participants in the study was evaluated through the
measurement of circulating pro- and anti-inflammatory proteins and gene and protein expression of
different cytokines in PBMCs. A decrease in the circulating levels of IL6 was observed in the active
groups. Although IL6 can also exert anti-inflammatory activity (after an acute bout of exercise, IL-6
may induce the anti-inflammatory cytokines IL-10 and IL-1ra [42]), the presence of chronic circulating
concentrations of IL6 can induce an acute phase immune response [43], and the regular practice of
physical activity induces lower basal concentrations of IL-6 when compared to a sedentary lifestyle [44].
The plasma concentration of this interleukin has been associated with lower muscle mass [45] and
higher adiposity [46], although in the present study we have not evidenced differences in fat-free
mass. Although a reduction in IL6 levels was observed in the group of active volunteers, no changes
in circulating TNF-α were evidenced. Gene expression of pro-inflammatory cytokines such as IL1β or
TNF-α or the pro-inflammatory receptor TLR4 in PBMCs were not significantly affected by the practice
of regular exercise. These results are in accordance with previous studies reporting that IL1β does not
respond to different degrees of exercise, including low intensity aerobic exercise, high intensity aerobic
exercise, or a combination of high intensity aerobic and resistance exercise [34]. Although no effects of
physical activity were observed either on the gene expression of IL1ra, a significant activation of the
anti-inflammatory cytokine IL10 gene expression was observed. Higher levels of IL10 in response to
physical activity have been previously reported [34,35], and these increases have been actually related
to a decrease in fat mass. In fact, the chronic inflammatory state has been related to the adiposity,
and the influence of physical activity in body composition may therefore influence the inflammatory
state [31,45,47,48]. The fact that anti-inflammatory cytokine concentrations are lowered in healthy
adults over 50 years of age has also been associated with redistribution of body fat [20]. Our current
results (lower fat mass and higher IL10 expression in active subjects) are in accordance with previous
data and reinforce the anti-inflammatory effect of the regular practice of physical activity in old people.
A significant overexpression of the transcription factor NFκB was also observed in the physically
active groups. This nuclear factor can be activated through the action of pro-inflammatory cytokines
(such as TNFα), but it can also be activated by ROS and/or RNS [49]. Once activated, the nuclear
factor migrates to the nucleus and may induce the expression of a wide variety of genes, including
inflammatory cytokines such as TNFα, IL-6, and IL-1β [50,51], but also antioxidant enzymes such as
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superoxide dismutase and nitric oxide synthase [52,53]. As the PBMC gene expression profile shows
no evidence of a pro-inflammatory phenotype, we might interpret the activation of NFκB through
the ROS/RNS route rather than a proinflammatory response. In this instance, the regular practice of
physical activity exposes the organism to a sustained and continuous production of low levels of ROS,
and these low levels of ROS have been shown to act as second messengers leading an antioxidant and
anti-inflammatory response through the activation of NFκB and other genes [52,53].
The protein levels of the inflammation-related receptors TLR2 and TLR4 were also measured.
While no effects were observed regarding TLR4 levels, a decrease in both sexes in the protein
levels of TLR2 was observed. Activation of the TLR4 signalling pathway stimulates an increase
in pro-inflammatory cytokines such as TNFα, IL1β, or IL6, and it has been previously described
that physical activity may downregulate TLR4 expression in the immune cells [54,55], together with
downstream cytokines such as TNFα [16], IL1β [34], and IL6 [18]. However, a recent study reported
that neither TLR4 nor TNFα responded to resistance training with or without weight loss [32], which
is in accordance with our own results. Although TLR4 is usually more sensitive TLR in response to
physical activity, we observed a down-regulation of TLR2 in active subjects but not of TLR4. TLR2
is another member of the TLRs family that is also involved in the cell response to immune stimuli,
and shares with TLR4 its downstream signalling cascade. A recent systematic review showed that
chronic exercise has anti-inflammatory effects on the organism through the downregulation of both
TLR2 and TLR4 at the protein and gene expression levels [56], which is in accordance with our results.
Taken together, our results show that the regular practice of physical activity by older adults
ameliorates their anthropometric characteristics by reducing their weight, fat mass, and body mass
index. This effect in their body composition is accompanied by a healthier status, with lower
diastolic blood pressure and higher levels of circulating HDL-cholesterol. The changes in the fat body
composition and lipid profile might be responsible for the observed attenuation of pro-inflammatory
parameters, such as the reduced count of lymphocytes and neutrophils, reduced IL6 circulating levels,
and the changes in the expression of pro- and anti-inflammatory proteins in PMBCs. In conclusion,
the regular practice of physical activity (> 84 MET-hours/week) by older adults ameliorates their
anti-inflammatory status.
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Abstract: To date, there is little knowledge about how experiences in childhood frame adults’ food
and drink consumption patterns in the context of attending sporting events as spectators. Therefore,
the goal of this study was to explore the childhood memories of adults when they visited sporting
events and find out whether and why this particular setting makes individuals indulge in unhealthy
food. The study comprises two components: Study 1 and Study 2. In Study 1, 30 individuals recalled
their childhood experiences of sport stadium visits at the age of ten years or younger. Inductive coding
of the stories revealed that on-site enjoyment is an important factor that may lead to unhealthy food
consumption. In Study 2 (n = 240), the effect of enjoyment on the intentions to eat unhealthy versus
healthy food at sporting events was tested empirically and contrasted with two other leisure-time
activities. The results of the experiment revealed that it is not enjoyment, but the visit to sporting or
music events (versus a flea market) that increased the preference for unhealthy versus healthy foods.
Implications to decrease (increase) the preference for unhealthy (healthy) food in these particular
settings against the background of childhood experiences can be drawn.
Keywords: childhood memories; sport spectators; sport games; sporting events; music events; food
consumption; out-of-home eating; food healthiness
1. Introduction
What food and drinks do you associate with your family’s most recent visit to a baseball
game? It would be of little surprise if you mentioned that your children had hotdogs and soft
drinks. It is noteworthy that these foods are in conflict with the diets of athletes whom you and your
family members were following during the course of the game (assuming that athletes stick to the
recommendations of sport nutritionists, e.g., [1]).
In consumer behavior and food research, it is well known that childhood experiences influence
both purchase behaviors and consumption behaviors in adulthood [2,3]. The attendance of sporting
events as a spectator, however, has not been researched extensively yet, particularly with regard
to people’s eating and drinking behaviors that are potentially influenced by childhood experiences.
This is despite the fact that the food that is provided to children (and adults) when attending sporting
events has been subjected to criticism, particularly because of its low nutritional value and high calorie
density [4,5]. If childhood memories about the association between food and sporting event attendance
as spectators are important, it is crucial that children are exposed to healthy, and not to unhealthy,
food environments today (arguing from the perspective of public policy), because these contextual
factors influence behavioral patterns later in life.
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1.1. Food Provision to Sporting Event Spectators
At sporting events, concession stands offer various food and drink options to spectators, and many
spectators consume food and drinks before or while following a sporting event. Often, sponsorship
and the exclusiveness rights that go along with the sponsorship determine the kind of food and drink
provision [6,7], and sport spectators can choose from those options that are made available to them [8].
Within the context of the attendance of sporting events, four factors characterize the market
for food and drinks, including the physical facility (i.e., the built environment for food and drink
provision/availability as well as for eating and drinking), group experience (i.e., the influence of peer
groups, such as spouses, friends, siblings, and strangers, on food and drink choices as well as eating
and drinking), history and tradition factors (e.g., having hotdogs at half time for nostalgic reasons),
and rituals (e.g., scripts that sporting event visitors follow when attending a game, such as drinking
beer when tailgating before the game) [9]. These characteristics affect what and how much people eat
and drink.
Marketers make use of the connection between the various food and drink options and
the consumers following sporting events in their leisure time, particularly for the promotion of
unhealthy food and drinks, targeting children and adolescents [6], generation Y consumers [10],
sport gamblers [11], and sport stadium visitors [4], for example. In sport stadiums, concession stands
contribute to the perception and appeal of the ‘sportscape’, that is, the stadium as an environment in
which services are provided and value is (co-)created [12], and the concession stands may become
part of the psychological associations within this environment, a ‘home ground’, a beloved place to
sporting event spectators (sometimes called ‘topophilia’ [13,14]).
1.2. Childhood Memories about Eating and Drinking When Following Sporting Events On-Site
Attending sporting events is a common leisure time activity for families with children around
the world [15,16]. The sensory experience with certain foods and drinks at sporting events can then
influence children’s preferences for food and drinks (particularly sweet and salty food and sweet
drinks) or their avoidance of food and drinks that they do not like or know of [17,18]. As dietary
habits and the acceptance of certain foods and drinks and amounts influence individuals’ health and
important health determinants later in life [17], the sporting event setting may be of relevance in this
context [5–8].
The emotions associated with the food and drinks provided and consumed at sporting events
relate to the discrete emotions that have been generally studied in food decision-making models
(e.g., enjoyment), such as in the goal conflict model of eating [19]. According to the model, there is
a conflict between the enjoyment goals of eating and the cognitive representations of weight control
(or healthy eating). At sporting events, spectators have been reported to enjoy foods and drinks such
as meat pies, burgers, fries, popcorn, and soft drinks [4]—options that are considered to contribute to
overweight and obesity because of their low nutritional value, high calorie density, and large portion
sizes, which often go along with relatively high consumption volumes (and calorie intake). Yet, some
stadiums also have healthy food items on offer, such as salad (e.g., from the stadium’s rooftop garden
at Fenway Park, Boston, MA, USA) and cauliflower sandwiches (Wrigley Field, Chicago, IL, USA).
The memories about eating and drinking may then influence consumers’ preferences for certain food
and drinks at sporting events.
1.3. Aims and Research Goals
The present study aimed to capture and categorize the food- and drinks-related memories of
adults when they visited sporting events in their childhood. Since enjoyment might be a central
emotion (be it related to the game itself, such as when a goal is scored, or the experience in the stands,
such as when cheering for the team, being with family and friends, as well as eating and drinking),
the present study also addressed the relevance of enjoyment in this context. In particular, it aimed
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to find out whether the attraction to unhealthy food and the avoidance of healthy food observed in
sporting event visitors is merely due to the activation of enjoyment goals (and thus should be replicable
across contexts if enjoyment goals are activated) or whether sporting event visits can lead spectators to
indulge or to control the effect of enjoying the leisure time activity on the intentions to indulge. Thus,
the research questions that guided the research are as follows:
RQ 1 What are the childhood memories of adults when they visited sporting events, particularly in
relation to food and drinks?
RQ 2 What is the influence of the particular sporting event setting and the enjoyable experience of
the event visit on individuals’ intentions to indulge in unhealthy foods versus healthy foods?
In what follows, two studies are presented: Study 1, which aimed to answer RQ 1, and Study 2,
which aimed to answer RQ 2.
2. Study 1
2.1. Materials and Methods
Thirty informants (15 women) were recruited via Amazon’s Mechanical Turk and took part in the
study in exchange for monetary compensation (M [mean] = 34.8 years, SD [standard deviation] = 8.9).
Informants were only interviewed when they could recall a professional sporting event that they had
visited at the age of 10 years or younger [20,21]. They were US residents and recalled the first time they
visited a sporting event, at the age between four and 10 years, according to the written interviews with
the informants. The following sports were mentioned: baseball, basketball, football, and ice hockey.
Similar to the procedure in Braun–Latour et al.’s study [3], informants were asked to write down
a memory story of their earliest childhood memory. MAXQDA software (VERBI, Berlin, Germany)
was used to inductively code the response, based on content analysis procedures [22]. Categories were
withdrawn directly from the raw data. The categories that were extracted were treated as content
units. The coded content units consisted of three categories (level a) and eleven subcategories (level b).
Two coders performed the coding; inter-rater reliability was satisfied with Cohen’s κ = 0.82.
2.2. Results and Discussion
In the memory stories, a number of different themes were mentioned. The inductive coding
revealed three categories (level a): individual experiences of the visit; external factors related to the
visit; social factors related to the visit. Table 1 shows the eleven subcategories (level b) of the three
categories and some example statements.
Every informant referred to food and drinks in the memory task, an indicator that there is
a close association between food and drinks and sporting event visits in childhood. Within the
emotions subcategory, enjoyment and enjoyment-related facets, such as happiness and excitement,
were dominant themes in the informants’ memory stories. This supports the assumption that
enjoyment is central to the attendance of a sporting event in childhood. The data further revealed
that enjoyment relates to many aspects: the game itself, the players, the audience, and the stadium,
for example. Most importantly to the present study, informants also made connections between
enjoyment and the food experience. For example, informant 11 made the following statement:
“The hotdogs there smelled and tasted much better than the ones my mom would make at home.
I was not a big hotdog fan, but I did really enjoy the ones there.” Informant 26 highlighted that
her food preferences are still the same today: “The hotdog was definitely the classic, made up the
whole experience, and I still love pretzels today.” The foods that were mentioned in the stories were
the following: burger, chili, french fries, hotdogs, nachos, pizza, and snacks (cotton candy, crackers,
peanuts, and popcorn were mentioned explicitly). The drinks that were mentioned were the following:
coke, soda, water, and hot chocolate. Table 1 shows some further example statements taken from the
memory stories.
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“I didn’t really like hotdogs that much, but for some reason they smelled so much better there.”
(informant 11)
“I was very happy and enjoying myself as I got a new hat, eating junk food, and learning about baseball.
It seemed like a dream because everything was perfect.” (informant 20)
“I remember vividly the taste of the hotdogs and excitedly watching the game in front of us. It is a
highlight of my childhood.” (informant 26)
Emotions
“From the time the kick-off started until the final whistle, I did not sit down once. We thoroughly enjoyed
the game.” (informant 4)
“I enjoyed myself very much. It is a great day I loved to remember.” (informant 25)
Clothing “We all wore green t-shirts.” (informant 2)
Merchandise “I can almost see it now, sitting with my baseball cards from the gift shop ( . . . ) watching the game.”(informant 24)
Inspiration for life “It was amazing to watch and experience as it taught me never give up even when things seem thebleakest.” (informant 29)
Nostalgia “I still reflect back to the first time I stepped onto that hallowed ground, many, many years ago.”(informant 14)
External factors
Game/show performance “I was all excited to see my favorite player, Aurelio Rodriguez (third baseman).” (informant 18)
Built environment “I was astonished by ( . . . ) the bowl-shaped facade.” (informant 14)




“It was a special day for me, and I’ll always remember seeing my first baseball game with my father and
grandfather.” (informant 20)
Spectator-generated
atmosphere “The thrill of the audience was the best part.” (informant 25)
To find out whether enjoyment generally predicts intentions to eat unhealthy foods (e.g., the types
of foods mentioned in the memory stories) versus healthy foods and whether the sporting event
context provides a unique setting to spectators in terms of the preference for unhealthy versus healthy
food consumption, Study 2 was conducted. In the study, the visit to a sporting event was contrasted
with other leisure time activities, that is, the visit to a music event and the visit to a flea market.
This allowed drawing conclusions about the peculiarities of the different settings in which food is
consumed. The study exclusively looked at intended food (but not drink) consumption.
3. Study 2
3.1. Materials and Methods
Two hundred forty students (149 women) were recruited on a university campus and took part in
the study in exchange for monetary compensation (M = 26.6 years, SD = 8.5). The experimental study
applied a 2 × 2 design, manipulating enjoyment (high versus low) and event type (sporting versus
music event) between participants, and a control group was added as a fifth experimental condition
(i.e., the visit to a flea market with low enjoyment). In the study, the participants were randomly
assigned to one of the five conditions.
The participants first read a description of an event visit (Appendix A) and they were asked
to imagine that they would visit the event. After they read the description, they were asked to rate
the likeliness to consume 15 different foods on a scale anchored at 1 (“I would not eat this food at
all”) and 10 (“I would definitely eat this food”), including both healthy and unhealthy foods ([23,24];
Appendix B). They were pretested to represent healthy and unhealthy foods, which were presented
in a random order. An overall score for the preference of unhealthy foods versus healthy foods was
computed (with reverse-coded items for healthy options) (α = 0.76).
Beside these intentions, the survey assessed sociodemographics and an item that was used to
assess whether the experimental manipulation worked or not (“How enjoyable do you rate the visit
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to the sporting event (or music event or flea market)?”, anchored at 1 = “Not enjoyable at all” and
7 = “Very enjoyable”). A funneled debriefing was applied at the end of the study, which revealed that
none of the participants guessed the research questions of the study.
3.2. Results and Discussion
The experimental manipulation worked as intended: when the event visit was described as highly
enjoyable, enjoyment was rated higher (M = 5.69, SD = 1.14) compared to when the visit was not
described as highly enjoyable (M = 4.24, SD = 1.55; t (238) = 8.35, p < 0.001).
Figure 1 displays the participants’ intention to indulge in unhealthy foods versus healthy foods
depending on the experimental conditions.
Very high 
Very low 
Figure 1. Intention to indulge in unhealthy foods versus healthy foods depending on the five
experimental conditions: visit to a sporting event (low and high enjoyment), visit to a music event
(low and high enjoyment), and visit to a flea market (low enjoyment only).
A linear regression analysis was performed to assess the influence of enjoyment (coded 1 for
high and 0 for low) as well as the event (dummy 1, coded 1 for sporting event and 0 for other events;
dummy 2, coded 1 for music event and 0 for other events) on the intention to indulge in unhealthy
foods versus healthy foods. The variables explained 6% of the variance in the participants’ intention.
While the influence of enjoyment was not significant (b [beta coefficient] = 0.23, SE [standard error]
= 0.19, p = 0.22), both the visit to the sporting event (b = 0.67, SE = 0.26, p < 0.01) and the visit to the
music event (b = 0.65, SE = 0.25, p < 0.01) increased the intention to indulge in unhealthy foods versus
healthy foods. The contrast between sporting event and music event visits was not significant (b = 0.02,
SE = 0.19, p = 0.93).
To conclude, it can be stated that, controlling for the influence of primed enjoyment of the visit,
the attendance at a sporting event (versus a flea market) increased the intention to choose unhealthy
foods versus healthy foods. The effect was similar for the attendance at a music event (versus a flea
market), while the sporting event context and the music event context did not differ in their effects.
We discuss the general implications below.
4. Discussion
The purpose of the study was to explore food- and drinks-related childhood memories about the
attendance at sporting events and to find out whether sporting event attendance influences people’s
preference for unhealthy foods versus healthy foods. The study contributes to the existing research in
three ways.
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First, the study revealed that eating and drinking contributed to an enjoyable stadium visit
when adults reflected on their childhood experiences of spectator sports. Mostly unhealthy foods
were recalled. While the provision of unhealthy foods at sporting events has been criticized [4,5,8],
none of the previous studies has shown that childhood experiences with unhealthy foods are recalled
even decades later nor how they shaped children’s food preferences. We note that any type of food
can be part of a healthy, nutritious diet. However, when certain types of foods are consumed too
often as well as in high amounts and when the consumption of high volumes of low-nutritious and
high-caloric foods turns into a habit when eating at home or in other out-of-home contexts, the risk of
children becoming overweight and obese may increase. The lived experience at sporting events may
contribute to this, similarly to sponsorship-linked marketing activities of unhealthy food and drinks
with role-model athletes as endorsers [7,9].
Second, the study revealed that both the sporting event context and the music event context are
leisure-time activities that, controlling for enjoyment effects, increased the likelihood that individuals
prefer unhealthy foods over healthy foods compared to a control group (here: people who imagined
a visit to a flea market). The model explained 6% of the variance in the dependent variable. It is
plausible that other factors than the venue influenced the preference for unhealthy versus healthy
foods, such as individual taste preferences, social norms, and people’s general attitudes and values.
Because of the random assignment of the participants to the various experimental conditions, however,
the results should be unaffected by these individual differences. From a theoretical perspective, it is
interesting that the two leisure-time activities—sporting event visit and music event visit—primed
the intended food preferences of individuals. The potential reasons for this include that implicitly
learned associations contribute to people preferring certain foods over others (such as eating hotdogs
when watching a baseball game and eating popcorn when watching a movie in a cinema; [2]). Also,
the anticipated convenience of certain foods may matter to food consumption intentions, depending
on whether individuals assumed that seating was available or not, how much time was available,
and how easy it was to dispose of left overs. Lastly, anticipated differences in social factors between
contexts, such as crowding, which might be higher for music and sporting events than for a flea market,
may have influenced the results.
Third, the finding that high (versus low) enjoyment of the event experience did not increase
the preference for unhealthy and the avoidance of healthy food is noteworthy. On the one hand,
one may have expected that individuals switch goals: when one goal (enjoyment) is achieved in
the context of following the favorite sports team or music band, they may be directed to pursuing
opposite goals (health goals in the context of eating) [25]. This was not the case in the present study.
On the other hand, one may have expected that individuals want to nourish their consumption episode
further: when they enjoy following their favorite sports team or music band, they want to enhance the
enjoyment experience and continue to enjoy to have a ‘perfect evening’ (highlighting in the context
of consumption episodes [26]). Although, in the present study, the means pointed in this direction
(Figure 1), there were no significant effects in the analyses. Thus, the results did not support any of the
two assumptions.
This study has important implications for public health policy and practice. There is a need
for healthier food availability and food policy at sport settings in general and at sporting venues
in particular. In the present study, all of the childhood memories about the association between
food and sporting event attendance related to unhealthy foods (Study 1). Furthermore, the sporting
context increased the preference for unhealthy over healthy foods (Study 2). To fight these links that
promote unhealthy eating behaviors, public policy makers have several possibilities: (1) incentivize
stakeholders to offer relatively more healthy food and drinks (such as providing funding to them if
they offer sustainable, healthy options at sporting events); (2) make unhealthy (healthy) food and
drinks less (more) accessible to sporting event visitors (e.g., via an increase in prices for unhealthy
foods and drinks due to higher taxes); (3) make unhealthy (healthy) food and drinks less (more)
attractive to sporting event visitors (e.g., via menu labeling or sponsorship of healthy food); (4) make
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unhealthy (healthy) food and drinks less (more) available by forced policy changes (this can range
from forcing stakeholders to implement corporate social responsibility policies in relation to food and
drinks to forbidding certain foods and drinks (e.g., high-sugar and high-fat options) per se in certain
contexts, similarly to banning alcohol and smoking in sport stadiums). These measures may be most
effective when both parents and children commit to the goal of healthy eating and drinking in sport
settings [27] and when public policy-makers and practitioners include other stakeholders as well [28].
Consensus-based approaches are needed, because managers are afraid of loosing profits when strict
policies are introduced [29].
The present study is not free of limitations. Study 1’s memorization task related to food and drinks
that were available at the time that the informants recalled. Therefore, if healthy food and drink items
were not offered to them, it is no surprise that they were not mentioned. Future studies should replicate
the findings for sport fans that attended stadiums that offered about the same number of healthy and
unhealthy food and drink options (so that there are equal chances to enter the recalled set of items),
for example. Study 2’s experimental design controlled for enjoyment, but not for other contextual
variables that may be relevant, such as convenience to eat food in relation to time and space. Also,
the sample was skewed towards well-educated individuals, younger age, and females (versus males).
Future studies may consider samples that are representative for stadium visitors. Future research may
also look at the associations between (un)healthy food consumption and sporting event visits over
time, as well as at choices depending on situational factors (such as an increase in the accessibility,
attractiveness, and availability of healthy options; in particular: the introduction of menu-labeling
schemes or when changes in family rituals in relation to food and drink consumption occur). While this
study focused on memories in relation to healthy versus unhealthy food, future studies may focus on
alcohol and tobacco consumption, factors that have also been identified as health threats to children
and adults in sports settings [27,28,30].
5. Conclusions
To conclude, we can state that children should be exposed to healthy, but not unhealthy, food and
drink environments when they attend sporting events as spectators, because these contextual factors
and the memories related to the visits influence behavioral patterns later in life. The present study
highlights the need for further action and further research in this important area.
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Appendix A. Experimental Manipulations in Study 2
Appendix A.1. Visit to a Sporting Event (High Enjoyment)
Please imagine that you attend a game of your favorite sports team. You have been looking
forward to attending the game for months, and the media considers the game as the game of the year.
Please read the brief description of how you feel on the day of the game. Please imagine how it would
feel like to be there and to experience the game with all senses.
Before the game, you have met some of your family and friends and you drove to the stadium
with them. You are in the stadium now and you cannot wait until the game begins. Your favorite team
will play the biggest rival, and the game will have great influence on the league table. You can hear the
fans already: they cheer for the team and there are amazing vibes in the stadium.
When you take your seat, the stadium, the fans, and the colorful flags that are all over the stadium
overwhelm you. Your favorite players are on the pitch, and there is a tension in the air, anticipating
that something special could occur today. You feel great, and everyone is ready to have a great
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evening, full of excitement and enjoyment. Nothing compares to this, and you have your ticket and
are right there.
Before the game starts, you still have some time. Therefore, you want to get some food and drinks.
The concession stands offer various food options. Please look at the following options and indicate the
degree to which you would want to eat the respective food.
Appendix A.2. Visit to a Sporting Event (Low Enjoyment)
Please imagine that you attend a game of your favorite sports team. You have been looking
forward to attending the game, and the media broadcast the game. Please read the brief description
of how you feel on the day of the game. Please imagine how it would feel like to be there and to
experience the game with all senses.
Before the game, you have met some of your family and friends and you drove to the stadium
with them. You are in the stadium now and you wait until the game begins. Your favorite team will
play another team that is desperate to win the game. You cannot hear a lot of fans yet, because there
are not many spectators inside the stadium. You hope that the stadium atmosphere will improve later.
When you take your seat, you try to get an overview of the stadium and look around in the visitor
stands and on the pitch. You don’t see any of the players yet. You have to kill some time and think of
what you could have done otherwise rather than attending this game. You still have to wait for the
teams to enter the stadium and the game to begin.
Before the game starts, you still have some time. Therefore, you want to get some food and drinks.
The concession stands offer various food options. Please look at the following options and indicate the
degree to which you would want to eat the respective food.
Appendix A.3. Visit to a Music Event (High Enjoyment)
Please imagine that you attend a concert of your favorite music band. You have been looking
forward to attending the concert for months, and the media considers the concert as the concert of the
year. Please read the brief description of how you feel on the day of the concert. Please imagine how it
would feel like to be there and to experience the concert with all senses.
Before the concert, you have met some of your family and friends and you drove to the stadium
with them. You are in the stadium now and you cannot wait until the concert begins. Your favorite
band will host one of their greatest concerts, and the concert will feature songs from the new album.
You can hear the fans already: they sing famous songs, and there are amazing vibes in the stadium.
When you take your seat, the stadium, the fans, and the colorful flags that are all over the stadium
overwhelm you. Your favorite musicians are on the stage, and there is a tension in the air, anticipating
that something special could occur today. You feel great, and everyone is ready to have a great
evening, full of excitement and enjoyment. Nothing compares to this, and you have your ticket and
are right there.
Before the concert starts, you still have some time. Therefore, you want to get some food and
drinks. The concession stands offer various food options. Please look at the following options and
indicate the degree to which you would want to eat the respective food.
Appendix A.4. Visit to a Music Event (Low Enjoyment)
Please imagine that you attend a concert of your favorite music band. You have been looking
forward to attending the concert, and the media broadcast the concert. Please read the brief description
of how you feel on the day of the concert. Please imagine how it would feel like to be there and to
experience the concert with all senses.
Before the concert, you have met some of your family and friends and you drove to the stadium
with them. You are in the stadium now and you wait until the concert begins. Your favorite band will
host a concert, and the concert will feature well-known and often-played songs. You cannot hear a
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lot of fans yet, because there are not many spectators inside the stadium. You hope that the stadium
atmosphere will improve later.
When you take your seat, you try to get an overview of the stadium and look around in the visitor
stands and on the stage. You don’t see any of the band members yet. You have to kill some time and
think of what you could have done otherwise rather than attending this concert. You still have to wait
for the band to enter the stadium and the concert to begin.
Before the concert starts, you still have some time. Therefore, you want to get some food and
drinks. The concession stands offer various food options. Please look at the following options and
indicate the degree to which you would want to eat the respective food.
Appendix A.5. Visit to a Flea Market (Low Enjoyment)
Please imagine that you attend your favorite flea market. You have been looking forward to shop
some items at the flea market. Many people visit this local flea market. Please read the brief description
of how you feel on the day of the flea market. Please imagine how it would feel like to be there and to
experience the flea market with all senses.
Before going to the flea market, you have met some of your family and friends and you drove to
the place where it is held with them. You are at the market now and you wait until you find a good
bargain or an item that you like. The market features some well-known stands, and people regularly
purchase from these stands. There are not a lot of visitors at the flea market yet, and you hope that the
atmosphere will improve later.
When you stroll around, you try to get an overview of the market and look around among people
and what the stands have to offer. You don’t see anything exciting yet. You have to kill some time and
think of what you could have done otherwise rather than attending this flea market. You still want to
find one or two items that you can bring home with you.
Before this and before you go home, you still have some time. Therefore, you want to get some
food and drinks. The concession stands offer various food options. Please look at the following options
and indicate the degree to which you would want to eat the respective food.
Appendix B. Foods Used in Study 2
The following foods were used (R indicates reverse coding): Asia soup (R), burger, chicken wings,
chocolate muffin, french fries, fried onion rings, fruit salad (R), hotdog, meat skewers, pizza, salad (R),
vegetable quiche (R), vegetable soup (R), vegetable wrap (R), and yogurt (R). The foods were displayed
in a typical serving size and in a way so that they could be readily eaten by individuals while sitting or
standing, on a disposable plate or in a cup/bowl.
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Abstract: Background: Humans consuming a purified vegan diet known as the "Daniel Fast" realize
favorable changes in blood lipids, oxidative stress, and inflammatory biomarkers, with subjective
reports of improved physical capacity. Objective: We sought to determine if this purified vegan
diet was synergistic with exercise in male rats. Methods: Long–Evans rats (n = 56) were assigned
to be exercise trained (+E) by running on a treadmill three days per week at a moderate intensity
or to act as sedentary controls with normal activity. After the baseline physical performance was
evaluated by recording run time to exhaustion, half of the animals in each group were fed ad libitum
for three months a purified diet formulated to mimic the Daniel Fast (DF) or a Western Diet (WD).
Physical performance was evaluated again at the end of month 3, and body composition was assessed
using dual-energy x-ray absorptiometry. Blood was collected for measurements of lipids, oxidative
stress, and inflammatory biomarkers. Results: Physical performance at the end of month 3 was higher
compared to baseline for both exercise groups (p < 0.05), with a greater percent increase in the DF
+ E group (99%) than in the WD + E group (51%). Body fat was lower in DF than in WD groups
at the end of month 3 (p < 0.05). Blood triglycerides, cholesterol, malondialdehyde, and advanced
oxidation protein products were significantly lower in the DF groups than in the WD groups (p < 0.05).
No significant differences were noted in cytokines levels between the groups (p > 0.05), although
IL-1β and IL-10 were elevated three-fold and two-fold in the rats fed the WD compared to the
DF rats, respectively. Conclusions: Compared to a WD, a purified diet that mimics the vegan
Daniel Fast provides significant anthropometric and metabolic benefits to rats, while possibly acting
synergistically with exercise training to improve physical performance. These findings highlight the
importance of macronutrient composition and quality in the presence of ad libitum food intake.
Keywords: dietary restriction; macronutrients; physical exercise; free radicals; cytokines
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1. Introduction
Both dietary restriction/modification and caloric restriction have been studied extensively for
their ability to favorably alter body composition in humans and animals [1]. One form of dietary
restriction is veganism, a plan that eliminates all animal products and improves health outcomes [2].
Unlike caloric restriction, which typically calls for a 10–30% reduction in daily dietary energy needs [1],
veganism allows for ad libitum food intake.
The Daniel Fast (DF), a biblically inspired partial fast, is similar to veganism but much more
stringent. Specifically, the DF is a form of dietary restriction that allows for ad libitum food intake but
places firm restrictions on the types of food that are allowed [1,3–5], with choices primarily limited to
fruits, vegetables, whole grains, legumes, nuts, seeds, and plant-based oils. No alcohol, sweeteners,
or refined foods are allowed, resulting in carbohydrate sources that are complex with low glycemic
indices. By default, the DF has an abundance of dietary fiber and plant-derived fatty acids and
relatively high concentrations of antioxidants.
Our previous human studies involving the DF revealed health-specific benefits including, but not
limited to, reductions in body mass and body fat, systolic and diastolic blood pressure, total and
LDL-cholesterol, blood oxidative stress biomarkers, and C-reactive protein [3,4,6]. The DF has also
been shown to increase antioxidant capacity as well as the ratio of blood nitrate/nitrite (a biomarker
of nitric oxide), which may have implications for improving physical performance with enhanced
hemodynamic responses [7,8]. While we received multiple anecdotal reports of improved vitality, vigor,
and mood from research participants in these studies [3,4,6], objective physical performance measures
were not investigated in a controlled study. It is possible that chronic consumption of the DF with
and without regular exercise—which is well known to aid in body mass/fat control and to improve
functional capacity [9–11]—may yield favorable changes in body mass/fat and physical performance.
The present study sought to determine the independent and combined influences of dietary
composition (under conditions of ad libitum intake) and moderate exercise training on functional
capacity, body composition, blood lipids, oxidative stress, and inflammation in male rats. The decision
to use an animal model was to ensure the control of key variables known to impact outcome measures
(e.g., sleep, stress, type and volume of food, volume and intensity of exercise). We hypothesized that
exercise training would improve physical performance as well as other outcome measures and that the
benefits of exercise would be of greater magnitude in animals fed the DF.
2. Materials and Methods
2.1. Overview of the Experimental Design
Male Long–Evans rats (n = 56), 3–4 weeks of age, were purchased from Harlan Laboratories, Inc.
(Indianapolis, IN, USA). Upon arrival, all rats were individually housed in standard shoebox caging in
a climate-controlled room (21 ◦C), employing a standard 12:12 h light–dark cycle (lights on at 8:00 h).
During a two-week acclimation period, they were transitioned from consuming a standard rat chow
(Harlan 1018) to their assigned diets by gradually replacing the standard chow diet with an increasing
proportion of the experimental diets. During this two-week period, the rats were also familiarized with
the treadmill on three separate days (i.e., walking on the treadmill for 5 min at 15–20 m·min−1), and the
12:12 h light–dark cycle was progressively shifted to lights on at 300 h and off at 1500 h. The light–dark
cycle was shifted to allow exercise training and testing to occur during the latter part of the light phase.
All housing and experimental procedures were approved by The University of Memphis Institutional
Animal Care and Use Committee (approval #0734) and were in accordance with the 8th edition of the
Guide for the Care and Use of Laboratory Animals. Throughout the study, the rats had ad libitum access to
food and water.
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2.2. Functional Capacity Assessment
The pre-Intervention (Baseline) total treadmill running time was determined for all animals after the
two-week acclimation period following established procedures [12–14]. The animals began the test by
running on a motorized treadmill (Exer-6M Treadmill, Columbus Instruments, Columbus, OH, USA) at a
speed of 20 m·min−1 without incline for 15 min. The speed was increased by 5 m·min−1 every 15 min to a
maximum speed of 35 m·min−1. A mild electrical shock (frequency current at 3.0 hz at 1.60 mA with a
voltage of a 115) was provided when the animals could not maintain the set pace. Fatigue was considered
to occur when a rat started to lower its hindquarters and raise its snout, resulting in a significantly altered
gait, to the point of not being able to remain on the treadmill. When this degree of fatigue was noted,
and the animal had difficulty remaining on the treadmill belt (regardless of the delivery of the electrical
shock), the animal was taken off the treadmill, and the run time was recorded to the nearest second.
Again, testing was performed during the latter part of the light phase, when the rats are the most active [15].
All rats repeated the same treadmill test at the end of the intervention period.
2.3. Anthropometric Assessments
Body mass was measured daily. At the end of the three-month intervention, the body composition
of all animals, anesthetized with isoflurane, was evaluated by using dual-energy x-ray absorptiometry
(DXA) (Discovery QDR series, Hologic Inc., Bedford, MA, USA). The reliability of the DXA exam was
evaluated using three rats not participating in the study that were scanned a total of seven times each.
The measured variance of the percent body fat for these animals was 0.34, 0.60, and 0.89. Despite the
low variance, all experimental animals were scanned twice. If the first two scans provided percent
body fat values that varied by more than 1.5%, a third scan was performed, the two scans that were
closest were averaged, and the mean value of these two scans was included in the data analysis.
These data were used to calculate lean body mass, fat mass, and percent body fat.
2.4. Dietary and Exercise Interventions
The rats were randomly assigned to one of four intervention groups: Western Diet with exercise
(WD + E; n = 14); Western Diet without exercise (WD; n = 14); Daniel Fast with exercise (DF + E; n = 14);
Daniel Fast without exercise (DF; n = 14). The diets were purchased from Research Diets, Inc. (New
Brunswick, NJ) and provided in pellet form. The WD was formulated to mimic a typical human WD,
containing 17% protein, 43% carbohydrates, and 40% fat—A large portion of which was saturated (milk fat)
(product: D12079B). The DF included 15% protein, 60% carbohydrates, and 25% fat (product: D13092801).
The macronutrient sources and quantities of the DF were based on the dietary intakes of human subjects
in our prior DF studies [1,3,4]. The DF diet fed to the rats therefore mimics what our human subjects
consumed in terms of macronutrient sources and composition, fiber, and micronutrients (i.e., antioxidants).
The specific nutrient compositions of the WD and DF are provided in Table 1.
The rats consumed their assigned diet (WD or DF) for three months, beginning after the two-week
acclimation period. Food was provided ad libitum and was not measured each day. We simply monitored
the animals’ body mass over time. Our omission of daily food recording may be considered a limitation
of this work. Equal numbers of rats in each diet group were randomly assigned either exercise (+E)
or no exercise. The animals in the no-exercise groups were placed on the treadmill three days per
week for a period of 5 min, while it was turned off. The animals in the exercise groups performed
moderate-intensity endurance exercise on a motorized treadmill three days per week (i.e., Monday,
Wednesday, Friday) for the three-month intervention period. The speed and duration was progressively
increased. Specifically, the animals began training at 20 m·min−1 for 15 min·day−1 (week 1), progressed
to 25 m·min−1 for 30 min·day−1 (week 2), and then to 25 m·min−1 for 35 min·day−1 (weeks 3–12).
This progressive increase in intensity and duration of exercise is typical for rodent training studies [16].
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Table 1. Dietary composition of the Western Diet and Daniel Fast.
Nutrient Western Diet Daniel Fast
gm% kcal% g% kcal%
Protein 20 17 15 15
Carbohydrate 50 43 58 59
Fat 21 40 11 25
Fiber 5 0 13 1
Total 100 100
kcal/g 4.7 3.9
Casein 195 780 0 0
Soy Protein 0 0 170 680
DL-Methionine 3 12 3 12
Corn Starch 50 200 0 0
Corn Starch-Hi Maize 260
(70% Amylose and 30% Amylopectin) 0 0 533.5 2134
Maltodextrin 10 100 400 150 600
Sucrose 341 1364 0 0
Cellulose, BW200 50 0 100 0
Inulin 0 0 50 50
Milk Fat, Anhydrous 200 1800 0 0
Corn Oil 10 90 0 0
Flaxseed Oil 0 0 130 1170
Ethoxyquin 0.04 0 0.04 0
Mineral Mix S1001 35 0 35 0
Calcium Carbonate 4 0 4 0
Vitamin Mix V1001 10 40 10 40
Choline Carbonate 2 0 2 0
Ascorbic Acid Phosphate, 33% active 0 0 0.41 0
Cholesterol 1.5 0 0 0
Total 1001.54 4686 1187.95 4686
Saturated g/kg 122.6 7.8
Monunsaturated g/kg 60.2 19.7
Polyunsaturated g/kg 13.5 77.7
Cholesterol mg/kg 2048 0
Saturated %Fat 62.4 7.4
Monunsaturated %Fat 30.7 18.7
Polyunsaturated %Fat 6.9 73.9
Ascorbic Acid mg/kg 0 114
2.5. Blood Collection and Analysis
At the end of the three-month intervention, one half of the animals in each group were euthanized,
with the remaining animals being retained for a separate long-term study. For blood collection, the rats
were euthanized via CO2 inhalation, the abdominal cavity was opened, and the blood was collected
from the inferior vena cava, using a syringe with a 22-gauge needle, and placed in vacutainer tubes
containing EDTA. Plasma was separated, and multiple aliquots were stored at −70 ◦C for the analysis
of plasma lipids and biomarkers of oxidative stress and inflammation. Plasma triglycerides (TAG) and
total cholesterol were analyzed following standard enzymatic procedures, as described by the reagents’
manufacturer (Thermo Electron Clinical Chemistry; product #: TR22421 and TR13421 for TAG and
cholesterol, respectively). Malondialdehyde (MDA) was analyzed following the procedures of Jentzsch
and colleagues [17], using reagents purchased from Northwest Life Science Specialties (Vancouver,
WA; product #: NWK-MDA01). Advanced Oxidation Protein Products (AOPP) were measured using
the methods described by the reagent’s manufacturer (Cell Biolabs, Inc., San Diego, CA, USA; product
#: STA-318). A customized Milliplex® Map Kit was purchased from the EMD Millipore Corporation
(Billerica, MA, USA) for the measurement of IL-1α, IL-4, IL-1β, IL-6, IL-13, IL-10, IFNγ, and TNF-α.
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The cytokine concentrations were determined using the MAGPIX® platform with xPONENT software
(MilliporeSigma, Burlington, MA, USA). All samples were analyzed in duplicate. Since blood was only
obtained at the time of death, no baseline values are available for the biochemical measures.
2.6. Statistical Analysis
The treadmill run time was analyzed using a 4 (group) × 2 (time) analysis of variance (ANOVA).
The data obtained from the DXA scan (fat mass, lean mass, percent body fat) and all biochemical
measures were analyzed using a one-way ANOVA. Tukey post-hoc tests were used to identify
significant group differences. All analyses were performed using JMP statistical software (version
4.0.3; SAS Institute; Cary, NC, USA). Statistical significance was set at p ≤ 0.05. All data are expressed
as the mean ± SEM.
3. Results
One animal in the WD + E group died during week two of the intervention, approximately 30 min
following the exercise training session. The necropsy revealed the abdomen was filled with blood,
with a suspected aneurism. All remaining animals completed the three-month intervention.
3.1. Physical Performance Data
After three months, the treadmill run time to exhaustion (Table 2) displayed a significant group
effect (WD + E & DF + E) > (WD & DF) (p < 0.0001) and a significant time effect (month 3 > baseline)
(p = 0.0005), as well as a group x time interaction effect (p < 0.0001). The run time increased in both
exercise groups, as demonstrated by a change in the percent improvement from baseline to month 3 in
the WD + E (+51%) and the DF + E (+99%) groups. The increase for the DF + E group exceeded that for
the WD + E group (p = 0.02).
Table 2. Treadmill run time (min) to exhaustion of male rats assigned to two different diets with and
without exercise.








Pre-Intervention (Baseline) 35.5 ± 3.5 28.7 ± 3.3 29.3 ± 2.8 33.6 ± 4.1
Post-Intervention ** 48.3 ± 1.9 *,† 24.4 ± 1.5 52.9 ± 1.9 *,† 28.8 ± 1.1
Values are mean ± SEM. The data show: a group effect for treadmill run time to exhaustion (p < 0.0001); * WD
+ E & DF + E > W & DF; a time effect for treadmill run time to exhaustion (p = 0.0005); ** Month 3 > Baseline,
a group-by-time interaction effect for treadmill run time to exhaustion (p < 0.0001). † Month 3 > Baseline for WD + E
and DF + E.
3.2. Anthropometric Data
All the rats gained weight during the three-month study (p < 0.0001; Table 3). The gain in body
weight displayed a group effect (p < 0.0001), with the 205% increase in the WD group exceeding
(p < 0.05) those in the WD + E (177%), DF + E (148%), and DF (168%) groups. There was no difference
between DF and WD + E rats for body weight gain (p > 0.05). A group effect was noted for mean fat
mass (p < 0.0001), with DF rats having a lower mean fat mass than the WD groups; also, mean fat
mass in WD + E rats was lower than in WD rats (p < 0.05). A group effect was noted for body fat
percentage (p < 0.0001), with both DF groups displaying lower values than the WD groups; also, body
fat percentage in WD + E rats was lower than in WD rats (p < 0.05). There was no significant difference
in lean mass between the groups (p = 0.14).
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Table 3. Anthropometric data of male rats assigned to two different diets with and without exercise.
Western Diet + Exercise Western Diet Daniel Fast + Exercise Daniel Fast
Body Mass (g)
Pre-Intervention 186.5 ± 3.3 187.0 ± 4.5 192.6 ± 2.7 185 ± 4.8
Body Mass (g)
Post-Intervention 516.8 ± 10.7 571.1 ± 14.7 478.7 ± 11.3 496.8 ± 13.5
Fat Mass (g)
Post-Intervention 161.6 ± 8.0 195.5 ± 8.4 100.73 ± 7.4 124.45 ± 9.8
Lean Mass (g)
Post-Intervention 366.0 ± 9.2 386.8 ± 6.7 391.4 ± 8.8 376.5 ± 7.8
% Fat
Post-Intervention 30.6 ± 1.3 33.5 ± 1.0 20.3 ± 1.3 24.6 ± 1.4
Values are mean ± SEM. A group effect was noted for body mass (p < 0.0001). A time effect was noted for body
mass (p < 0.0001). A group-by-time interaction effect was noted for body mass (p < 0.0001). A group effect was
noted for fat mass (p < 0.0001). A group effect was noted for % fat (p < 0.0001). No other statistically significant
effects were noted (p > 0.05).
3.3. Biochemical Data
Since only one half of the animals were euthanized at the end of month 3, only samples from
these animals were available for biochemical analysis (n = 7 per group). A group effect was noted
for TAG (p < 0.0001; Figure 1), cholesterol (p < 0.0001; Figure 1), MDA (p = 0.03; Figure 2), and AOPP
(p < 0.0001; Figure 2). The values for TAG, cholesterol, and AOPP in the WD group were different from
those in all other groups (Figures 1 and 2B); also, the values in the WD + E group were different from
those in all the other groups (p < 0.05). For MDA, the WD group displayed a higher value than the DF
+ E group (p < 0.05).
The cytokine results are presented in Table 4. The concentrations of four of the examined
cytokines were below the limit of detection and were not included. Due to variation between animals,
the differences in IL-1β and IL-10 concentrations in the WD group compared with the DF rats did not




Figure 1. (A) Blood triglycerides (TAG) and (B) total cholesterol of male rats assigned to two different
diets with and without exercise. Values are mean ± SEM. *A group effect was noted for TAG (p < 0.0001)
and cholesterol (p < 0.0001). For TAG and cholesterol, the Western Diet (WD) group was different from
all the other groups, and the Western Diet + Exercise (WD + E) group was different from all the other
groups (p < 0.05).
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Figure 2. (A) Blood malondialdehyde (MDA) and (B) advanced oxidation protein products (AOPP) of
male rats assigned to two different diets with and without exercise. Values are mean ± SEM. * A group
effect was noted for MDA (p = 0.03) and AOPP (p < 0.0001). For AOPP, the Western Diet (WD) group
resulted different from all the other groups; also the Western Diet + Exercise (WD + E) group resulted
different than all the other groups (p < 0.05). For MDA, the Western Diet + Exercise (WD + E) group
resulted different from the DF group (p < 0.05).
Table 4. Cytokine concentrations in male rats assigned to two different diets with and without exercise.
Variable Western Diet + Exercise Western Diet Daniel Fast + Exercise Daniel Fast
IL-4 37 ± 9.6 25.9 ± 7.8 36.3 ± 9.6 27.1 ± 9.6
IL-1β 174.5 ± 59.5 120.9 ± 55.1 31.4 ± 59.5 72.3 ± 65.2
IL-10 126.5 ± 36.7 95.5 ± 34 40.4 ± 34 63.4 ± 34
TNF-α 14.3 ± 5.1 13.8 ± 4.1 14.6 ± 3.6 12.6 ± 4.1
Values are mean ± SEM (pg·mL−1). No statistically significant differences were noted (p > 0.05).
4. Discussion
To our knowledge, this is the first study to investigate the impact of a purified diet that mimics
the Daniel Fast, with and without exercise training, on physical performance, body composition,
and blood-derived measures of health in rats. Our data clearly indicate that a purified vegan diet
improves body composition, blood lipids, and measures of oxidative stress compared to a WD.
In addition, exercise training for three months enhances physical performance but has little impact
on blood lipids or oxidative stress when consuming the DF, with some noted improvement in blood
lipids and AOPP when consuming the WD.
4.1. Physical Performance Findings
Several studies have previously reported that exercise training increases endurance physical
performance of rats [16,18–20]. This led to the a priori expectation that the exercise training groups
would exhibit better physical performance compared to the sedentary groups, which was confirmed.
Our hypothesis that rats fed the DF would display a greater adaptive response to exercise than rats fed
the WD was demonstrated by the respective 99% versus 51% increases in run times for the DF + E and
WD + E groups. These findings are also in agreement with other studies indicating that a Western-style
diet can blunt exercise-induced performance gain [21–24]. It is possible that a much higher volume or
intensity of exercise may have yielded more robust findings for physical performance and associated
variables, as the present study employed only a moderate intensity and volume of exercise.
Our prediction was that the WD with and without exercise would impair endurance performance
because of its relatively high fat content, which over time may lead to increased fat mass, which
has been linked with higher oxygen consumption and perceived exertion during exercise [25,26].
Moreover, high-fat diets have been implicated in impaired glucose metabolism by skeletal muscle [27],
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which is important for muscle oxidation during exercise [28]. Diets with high levels of saturated and
monounsaturated fat and low levels of polyunsaturated fatty acids, such as the WD used in the present
study, yield poor exercise performance in both animals and humans [22,29]. The DF diet provided low
levels of saturated and monounsaturated fatty acids and high levels of polyunsaturated fatty acids
and was associated with improved exercise performance.
In addition to the amount and form of dietary fat, the amount and type of carbohydrate may
have contributed to our findings. High-carbohydrate diets increase time to exhaustion [30,31] by
delaying the complete oxidation of muscle glycogen [30,32]. The complex low-glycemic carbohydrates
in the DF have been reported to enhance physical performance [33,34]. Overall, it is conceivable that
the differences in the amount and form of dietary fat and carbohydrate may have contributed to the
divergence in physical performance for the WD and DF rats.
4.2. Anthropometric Findings
Despite ad libitum feeding in all groups, body mass was greater in the WD group than in all
others. We anticipated that the exercise groups would have a lower overall body mass due to the
increased caloric expenditure from the thrice-weekly exercise bouts [35]. However, DF animals, despite
being allowed to freely feed throughout the three-month intervention period, showed only a slightly
reduced body mass compared to animals in the WD groups; in contrast, they showed a remarkably
lower body fat. Despite the dramatic difference in body fat between the WD and DF groups, only small
differences were noted in lean body mass. These findings suggest that animal protein is not necessary
for the development of lean body mass—an often expressed concern raised by many nutritionists.
It should be noted that, despite the plant-based protein sources, all DF animals grew as expected over
the course of the three-month period and, importantly, without accumulating the excessive amounts of
fat measured in the WD groups.
4.3. Biochemical Findings
In agreement with our findings obtained from human subjects [3,4,6], blood lipids and oxidative
stress biomarkers were lower in the DF groups than in the WD groups. In terms of plasma lipids,
the six-fold and two- to three-fold higher TAG and cholesterol values in the WD rats compared to
the DF rats are attributed to differences in the types and amounts of dietary carbohydrate (including
fiber) and fat and are in line with the 20% reduction in total and LDL-cholesterol measured in human
subjects after just 21 days of adherence to the Daniel Fast [3,6].
The differences between the WD and DF groups for both MDA and AOPP are indicative of
differences in lipid peroxidation and protein oxidation. The approximately eight-fold decrease in
AOPP in rats fed the DF exceeds the decrease in oxidative stress observed in human subjects following
the Daniel Fast for 21 days [4]. This suggests that maintaining a DF regimen beyond 21 days can
continue the decline in oxidative burden, but this hypothesis needs to be confirmed, including other
measures of oxidative stress. While exercise training improved physical performance in both exercise
groups, chronic ingestion of the WD appears to blunt the exercise-driven improvement. This observed
response may be at least partially attributable to higher levels of oxidative stress. Increased oxidative
stress alters protein function by damaging both contractile (primarily myosin, due to thiol group
oxidation [36]) and enzymatic proteins, compromising the excitation–contraction coupling [37] and
potentially slowing reaction rates, respectively. Moreover, the potential oxidation of mitochondrial
enzymes required for energy production (e.g., succinate dehydrogenase, cytochrome oxidase [38])
could negatively impact endurance performance.
Although systemic inflammation is reduced in human subjects following the Daniel Fast for
21 days [3,6,39], this was not evident in the rats in the present study. The human studies suggest
that, with larger samples sizes, the approximately three-fold and two-fold higher concentrations
of IL-1β and IL-10, respectively, in the WD rats may have reached significance. This is important,
as IL-1β is secreted by all nucleated cells, including macrophages, monocytes, B cells, fibroblasts,
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chondrocytes, and keratinocytes [40], and has been repeatedly labeled as one of the most significant
factors in regulating both the local and the systemic onset of acute and chronic inflammation [41,42].
The cytokine patterns found in the different groups also confirms previous research indicating that
physical inactivity coupled with a WD leads to higher inflammatory levels [43,44]. The higher IL-10 in
the WD groups may have been due to a compensatory response to increased pro-inflammatory
cytokines (e.g., IL-1β). More work is needed to investigate this possibility.
5. Conclusions
The present work is unique in investigating the effect of a purified diet, with and without
exercise, on measures of functional capacity, body composition, and biochemical outcomes in male
rats. The findings extend our prior work in human subjects partaking in the Daniel Fast dietary plan
and emphasize that macronutrient composition, and not simply calorie intake, has an influence on the
degree of adiposity, independent of exercise. Notably, compared to the glycemic- and saturated
fatty acid-rich WD, the macronutrient mix (low levels of glycemic carbohydrate, high levels of
polyunsaturated fat) of the DF, significantly improves body composition, plasma lipids, markers
of oxidative stress, and physical performance as measured by treadmill run time to exhaustion.
Future investigations using animal models and human subjects are needed to define the specific
mechanisms responsible for the improved indicators of health and physical performance in response
to the Daniel Fast dietary plan, with and without exercise.
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Abstract: Optimal diet quality and physical activity levels are essential for healthy ageing. This study
evaluated the effects of a multi-component telemonitoring intervention on behavioural determinants
of diet quality and physical activity in older adults, and assessed the mediating role of these
determinants and two behaviour change techniques in the intervention’s effects. A non-randomised
controlled design was used including 214 participants (average age 80 years) who were allocated
to the intervention or control group based on municipality. The six-month intervention consisted
of self-measurements of nutritional outcomes and physical activity, education, and follow-up by a
nurse. The control group received regular care. Measurements took place at baseline, after 4.5 months
and at the end of the study. The intervention increased self-monitoring and improved knowledge
and perceived behavioural control for physical activity. Increased self-monitoring mediated the
intervention’s effect on diet quality, fruit intake, and saturated fatty acids intake. Improved knowledge
mediated the effect on protein intake. Concluding, this intervention led to improvements in
behavioural determinants of diet quality and physical activity. The role of the hypothesised mediators
was limited. Insight into these mechanisms of impact provides directions for future development
of nutritional eHealth interventions for older adults, in which self-monitoring may be a promising
behaviour change technique. More research is necessary into how behaviour change is established in
telemonitoring interventions for older adults.
Keywords: older adults; diet quality; physical activity; telemonitoring; lifestyle intervention;
mechanisms of impact; mediation analyses
1. Introduction
An increasing number of older adults lives longer and healthier. An optimal nutritional status
contributes to healthy ageing. Conversely, ageing poses nutritional risks as deteriorations in health,
cognitive, and physical functioning, as well as changes in social circumstances, may impair nutritional
status [1]. In the Netherlands, 11 to 35% of community-dwelling older adults are undernourished
and diet quality of community-dwelling older adults is suboptimal [2,3]. Furthermore, awareness
concerning undernutrition is low among older adults [4,5] and nutrition knowledge and attitude seem
to be poorer among older adults than among younger adults [6–8]. Good access to appropriate nutrition
care, such as meal programs, nutrition education, nutritional monitoring, counselling, and therapy,
contributes to an optimal nutritional status [9]. Additionally, physical activity (PA) levels of older adults
are suboptimal, with about one third of the 70–79-year-old and about half of the adults aged 80 years
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and over failing to meet the WHO guidelines for PA [10]. Barriers are mentioned such as health status,
fear, and lack of interest [11,12], with health status also acting as a facilitator (e.g., physical benefits
of PA), together with enjoyment and social support [11]. Much is expected from eHealth as a way to
improve nutrition and PA behaviour [13]. Advantages of eHealth include personalisation, scalability,
accessibility, and reduced costs as compared to regular face-to-face care [13].
Reviews of eHealth interventions to improve nutrition behaviour in various settings show mixed
results and mostly focus on younger populations [14–17]. eHealth interventions to improve nutritional
outcomes in older adults are scarce. One pilot study focussed on providing computer-tailored dietary
advice to older adults, in combination with improving physical activity and meaningful social roles.
This appeared to be feasible, but effectiveness has yet to be affirmed in an RCT [18]. Another eHealth
study focussed on nutritional counselling for older adults at increased cardiovascular risk, but effects
on dietary intake were not evaluated [19]. The scarcity of nutritional eHealth interventions for
older adults and mixed results of eHealth interventions to improve nutrition behaviour in a general
population call for more research.
To explore the potential of nutritional eHealth interventions for older adults, it is not only
necessary to know whether interventions are effective, but also how an intervention achieves its
effects [14]. Ideally, interventions rely on a theoretical framework that specifies how an intervention
results in effects on behavioural determinants and behaviour through behaviour change techniques
(BCT’s) [20]. Research shows that increased use of theory positively impacts effect sizes [21]. Testing a
theoretical framework in order to verify the assumed relations deepens understanding of how
interventions work and contributes to future intervention development. However, only a minority
of nutritional eHealth studies that included a theoretical framework analysed the hypothesised
mediators [14,15], and more insight is needed into what contributes to effective eHealth interventions
to improve nutrition behaviour in older populations.
The PhysioDom Home Dietary Intake Monitoring (HDIM) study focused on telemonitoring of
nutritional parameters and physical activity. This intervention resulted in improved compliance with
the Dutch dietary guidelines for the intake of vegetables, fruit, dietary fibre, and protein, and to
guidelines for PA [22]. Concerning the content of the PhysioDom HDIM intervention, the three most
important BCT’s were self-monitoring, goalsetting, and feedback, reflecting an application of control
theory [20,23,24]. Effectiveness of self-monitoring has been confirmed in non-eHealth studies [25],
but eHealth studies including self-monitoring to promote behaviour change show less optimistic
results [21,26]. It has been shown that self-monitoring is more effective in combination with other BCT’s
such as goalsetting and tailored feedback [21,26]. According to the control theory, self-monitoring,
goalsetting and feedback are key in behavioural self-management [24], which is relevant nowadays
with the increasing focus on self-management of health and health-related behaviours [27].
All in all, we hypothesized that the intervention would result in an increased frequency
of self-monitoring and goalsetting, and in improved perceived behavioural control, attitude,
and knowledge, in turn improving diet quality and PA. In this article, we aimed to shed light
on these hypothesised mechanisms of impact by studying changes in frequency of self-monitoring and
goalsetting, by studying the effects on perceived behavioural control, attitude, and knowledge, and by
studying the mediating role of self-monitoring, goalsetting, perceived behavioural control, attitude,
and knowledge in the effects of PhysioDom HDIM on diet quality and PA.
2. Materials and Methods
2.1. Design
Measurements took place from April 2016 until June 2017, when the last participants finished
the study. The study followed a non-randomised controlled design and had a duration of six months.
Measurements took place at baseline (T0), after 4.5 months (T1), and after six months at the end of the
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study (T2). Telemonitoring measurements took place at the beginning of the study and three months
after the start of the study, and only in the intervention group. The control group received regular care.
2.2. Ethics Approval and Consent to Participate
Written informed consent was obtained from all participants. The study was conducted in
accordance with the Declaration of Helsinki, and all study procedures involving participants were
approved by the Medical Ethical Committee of Wageningen University on the 18 February 2016,
number NL53619.081.1.
2.3. Trial Registration
The study was registered at ClinicalTrials.gov (identifier NCT03240094), URL http://bit.ly/
2zFTs3P.
2.4. Participants
Participants were recruited from February 2016 until September 2016 and were recruited from
nine small to middle-sized municipalities in the Netherlands. Allocation of participants to the
intervention or control group took place on municipality level to prevent contamination between the
intervention and control group as local HCP’s implemented the intervention. Five municipalities were
non-randomly allocated to the intervention group and four other municipalities were allocated to
the control group. Participants were recruited via letters from the two involved care organisations,
via advertisements in local newspapers and public spaces, and invitation letters via post. Inclusion
criteria were being 65 years or older and receiving home care and/or living in sheltered accommodation
or a service flat. Exclusion criteria were cognitive impairment (Mini Mental State Examination (MMSE)
<20), having cancer, receiving terminal care, being bedridden or bound to a wheelchair, or being unable
to watch television. Persons who were interested to participate were visited by a researcher to receive
more information, to have questions answered, to sign the informed consent, and to be screened on
the exclusion criteria.
2.5. Intervention
The intervention consisted of telemonitoring measurements by participants, education concerning
nutrition and PA, and follow-up by a nurse. These intervention components are further described below.
2.5.1. Telemonitoring Measurements
Firstly, participants performed self-measurements of body weight (weekly, with an A&D weighing
scale, type UC-411PBT-C), steps (one week per month using a pedometer of A&D, type UW-101),
and blood pressure (monthly or bi-monthly, only upon indication of a nurse). They also filled out
questionnaires about their nutritional status, appetite, and diet quality using the Mini Nutritional
Assessment Short-Form (MNA-SF) [28], Simplified Nutritional Appetite Questionnaire (SNAQ) [29],
and Dutch Healthy Diet Food Frequency Questionnaire (DHD-FFQ) [30], respectively. Participants
filled out these questionnaires at T0 during an interview with a researcher and three months later by
means of a computer, tablet, or during a telephone interview with a researcher. Participants could
view their telemonitoring results on a special television channel and could thus become aware of
their nutritional status and changes in nutritional status. On this television channel, participants also
received short text messages in which they were asked to write down their goals for diet quality (two
times) and steps (daily, during one week per month).
2.5.2. Education
Secondly, participants received computer-tailored and non-tailored information about nutrition
and physical activity. The computer-tailored information consisted of advice sent per post on how
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to improve compliance with ten Dutch food-based dietary guidelines and the Dutch guideline for
physical activity. This advice was tailored to the participant’s current compliance with the guidelines
as measured by the DHD-FFQ. For example, advice concerning vegetable intake contained more
accessible suggestions for participants with low compliance than for participants who were already
compliant, for which suggestions were more focussed on maintaining this behaviour and diversity of
vegetable intake. The non-tailored information consisted of three short television messages per week
containing general information about nutrition and physical activity.
2.5.3. Follow-Up
Thirdly, a total of seven nurses was available to provide follow-up on the participants’
self-measurements. On the project’s website, they checked alerts that were activated in case of
undernutrition, risk of undernutrition (based on MNA score, SNAQ score, weight loss of > five
percent and/or body mass index (BMI) <20 kg/m2), obesity (based on BMI >30 kg/m2), or new blood
pressure measurements. Nurses planned follow-up of these alerts with help of decision trees. In
case of a good nutritional status, nurses kept monitoring without taking action. In case of risk of
undernutrition, nurses contacted participants via telephone or a home visit. Nurses identified causes,
provided suggestions on how to improve dietary intake, and gave a leaflet with advice to reverse the
risk of undernutrition [31]. In case of undernutrition or obesity, nurses discussed with participants
whether referral to a dietician or general practitioner was desirable.
2.6. Measurements
Measurements took place during a screening visit prior to the beginning of the study and at
T0, T1, and T2. In the control group, the screening visit and T0 visit coincided. Data were collected
by means of structured interviews at the participant’s homes conducted by a trained researcher or
research assistant. Furthermore, paper questionnaires were used to collect data.
2.6.1. Baseline Characteristics
Baseline characteristics were recorded during the screening visit and at T0 and included sex,
age, body weight, height, number of morbidities, education level, civil status, living situation,
country of birth, cognitive functioning as measured by the Mini Mental State Examination (MMSE) [32],
physical functioning as measured by the Katz-15 [33], nutritional status as measured by the Mini
Nutritional Assessment (MNA) [34], desire to lose weight, and type of received care. Body weight was
measured without shoes and heavy clothes (scale of type UC-411PBT-C, A&D).
2.6.2. Frequency of Self-Monitoring and Goalsetting
Frequency of self-monitoring and goalsetting was measured at T0, T1, and T2 using a paper
questionnaire with items derived from literature (Table 1). Self-monitoring was measured using four
statements that were combined to form one scale for self-monitoring [35]. Goalsetting was measured
using three statements that were combined to form one scale for goalsetting [36].
2.6.3. Behavioural Determinants
Behavioural determinants were measured at T0, T1, and T2 using a paper questionnaire with items
derived from literature (Table 1). Perceived behavioural control (PBC) was measured using two items
for self-efficacy and two items for controllability for both physical activity (PA) and healthy eating
(HE) behaviour [37]. These items were combined into two scales for PA and HE. Attitude concerning
HE and PA were each measured by six semantic differential items [38]. Items were combined to form
scales of attitude concerning PA and HE. Crohnbach’s alpha’s for the abovementioned questionnaire
items ranged from 0.67 to 0.80. Knowledge was measured using 11 statements concerning a healthy
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diet and physical activity that were answered with ‘true’, ‘false’, or ‘I don’t know’. A knowledge score
(0–11) was generated based on the number of correct answers.
Table 1. Items to measure self-monitoring, goalsetting, perceived behavioural control, and attitude in
the PhysioDom HDIM study.




1. How often in the past month have you kept track in
your head of the amount of food you have eaten?
2. How often in the past month have you kept track in
your head of the types of foods you have eaten
during the course of the day?
3. How often in the past month have you kept track in
your head of how physically active you have been
during a week?
4. How often in the past month you have
weighed yourself?





1. How often in the past month did you set goals
related to your weight?
2. How often in the past month did you set goals
related to your eating habits?
3. How often in the past month did you set goals
related to how much you exercise?








1. I am confident that I can eat healthy in the coming
month if I want to.
2. Whether I eat healthy in the coming month is
entirely up to me.
3. Healthy eating in the coming month is for me...
4. How much control do you have over healthy eating










1. I am confident that I can be sufficiently physically
active in the coming month if I want to.
2. Whether I am sufficiently physically active in the
coming month is entirely up to me.
3. Sufficient physical activity in the coming month is
for me...
4. How much control do you have over being


























2.6.4. Compliance with Dutch Dietary Guidelines and Guidelines for Physical Activity
Compliance with Dutch dietary guidelines and guidelines for physical activity were evaluated
using the DHD-FFQ, which was administered during a structured interview at T0 and T2.
The DHD-FFQ contains 29 items that evaluate compliance with Dutch dietary guidelines and
compliance with PA guidelines [30,39]. Additionally, for this study, compliance with guidelines
for the intake of protein and vitamin D was evaluated as the DHD-FFQ contains questions on all
relevant protein and vitamin D sources consumed by a Dutch elderly population [3,40]. This resulted
in sub scores for compliance with guidelines for the intake of fruit (≥200 g), vegetables (≥150–200 g),
dietary fibre (≥14 g/4.2 MJ), fish (two times per week, from which at least one time fatty fish),
saturated fatty acids (<10 en%), trans fatty acids (<1 en%), salt (<6 g), alcohol (≤2 glasses for men,
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≤1 glass for women), protein (≥70 grams for men, ≥55 grams for women), vitamin D (≥20 mcg),
and physical activity (moderate physical activity for at least 30 min a day on at least five days a
week). These scores ranged from 0–10, with higher scores indicating better compliance. A total score
for diet quality was constructed by summing scores for vegetables, fruit, dietary fibre, fish, alcohol,
saturated fatty acids, trans-fatty acids, and sodium. More information can be found elsewhere [30].
2.7. Statistics
The sample size was based on the primary outcome of the main study: nutritional status [34].
Aiming to detect a difference in MNA change of three, assuming a standard deviation of 6.1 [41],
and taking into account a two-sided significance level of 0.05 and power of 80%, a sample size of
65 participants per group was required based on the formula 2 × [(Zα/2+Zβ)
2×σ2]
δ2
. We expected a
drop-out rate of 30% at maximum, therefore we needed a sample size of at least 93 participants in
each group.
Data were analysed using SPSS Statistics for Windows version 22 (IBM Corp., Armonk, NY,
USA). Statistical analyses were carried out according to the intention-to-treat principle. Firstly,
baseline characteristics of the intervention and control group were described using means (± standard
deviations) or percentages. Differences between the groups were tested using independent
t-tests, Mann-Whitney U tests in case of non-normality, or chi-square tests. Secondly, changes in
self-monitoring and goalsetting and intervention effects on behavioural determinants were assessed
using linear mixed models. Therefore, we first specified a model as large as possible including all
main effects, possible interactions, and an unstructured covariance matrix. We then simplified the
random part of the model by testing whether simpler covariance structures were allowed using the
(REML) LR test, until a model was obtained that was as parsimonious as possible. Consequently,
we simplified the fixed part of the model by including dummies for time points T1 and T2, treatment,
the interaction terms of the time point dummies and treatment, age, sex, and also other covariates (e.g.,
BMI, education level, living situation, MNA, functional status, MMSE, municipality, diet, informal
care) if they considerably (e.g., >10%) influenced the effect estimates. Thirdly, we performed mediation
analyses to evaluate whether the effects of PhysioDom HDIM were mediated as hypothesised (Figure 1).
The following outcomes were selected for mediation analyses as these were positively affected by
the PhysioDom HDIM intervention: compliance with the Dutch dietary guidelines for the intake of
fruit, vegetables, fibre, and protein, and compliance with Dutch guidelines for PA [22]. As mediation
can also exist in absence of a significant intervention effect on the study’s outcomes [42], also other
components of the DHD-FFQ (alcohol, salt, saturated fatty acids, fish, and for this study vitamin D)
and the total DHD-FFQ score were included as outcomes in the mediation analyses. To capture the
longitudinal nature of the data, we used a multiple serial mediation model for each outcome and
each hypothesised mediator in which the mediator at T1 and T2 was modelled in sequence (Figure 1).
We regarded a parallel multiple mediator model less appropriate as the condition that no mediator
causally influences another would probably not be fulfilled [42]. Using the PROCESS macro for SPSS
version 2.16.3 we assessed whether indirect effects of the intervention on the selected outcomes through
the hypothesised mediators were statistically significant [42]. Standard errors and confidence intervals
of indirect effects were calculated using bootstrapping (10,000 samples). The analyses for diet quality
and physical activity were adjusted for age, sex, and baseline values of the mediator.
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Figure 1. Hypothesised mediation pathways in the PhysioDom Home Dietary Intake Monitoring
(HDIM) intervention. One model for each outcome and mediator.
3. Results
3.1. Baseline Characteristics
In total, 215 persons were screened, from which 97 were allocated to the intervention group and
107 to the control group. During the study, 21 intervention group participants and six control group
participants were lost to follow-up. A flow chart with reasons for loss to follow-up can be found in
Figure 2. Table 2 shows the baseline characteristics of the intervention and control group. Participants
in the intervention group were slightly younger and had a higher BMI than participants in the control
group. Participants in the intervention group lived less often alone and received more often informal
care than control group participants.




(n = 107) p-Value a
Mean SD Mean SD
Age (years) 78.4 7.2 81.0 7.9 0.02
BMI (kg/m2) 29.2 4.5 27.7 5.4 0.04
Number of diagnoses 1.5 1.5 1.3 1.3 0.26
MMSE score 28.6 1.5 25.8 1.9 0.69
Katz-15 score
Mdn IQR Mdn IQR
1.0 0–4 1.0 0–3 0.69
Percentage Percentage
Sex (male) 35 23.4 0.09















(n = 107) p-Value a
Mean SD Mean SD
Living alone 55.7 74.8 0.004
Born in the Netherlands 96.9 90.7 0.07




At risk of undernutrition 19.8 16.2
Undernourished 1.0 0.0
Type of care
Domestic care 78.4 80.4 0.72
Personal care 32.0 29.9 0.75
Nursing care 9.3 2.8 0.05
Individual support 3.1 0.9 0.27
Informal care 32.0 11.2 <0.001
SD, Standard Deviation; BMI, Body Mass Index; MMSE, Mini-Mental State Examination. a Independent t-test,
Mann-Whitney test, or chi-square test. b Low education level: primary school or less; intermediate level of education:
secondary professional education or vocational school; High education level: higher vocational education, university.
Figure 2. Flow diagram of participants of the PhysioDom HDIM study.
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3.2. Changes in Self-Monitoring and Goalsetting and Effects on Behavioural Determinants
Table 3 shows changes in self-monitoring and goalsetting and shows the effects of the intervention
on behavioural determinants. At baseline, there were no significant differences between the
intervention and control group. During the intervention, several significant changes were observed.
Firstly, the intervention group significantly increased scores for self-monitoring at T1 and T2, compared
to the control group (T1: β = 0.49, 95% CI 0.19, 0.80; T2: β = 0.50, 95% CI 0.20, 0.80). Secondly,
intervention participants perceived an increased behavioural control for physical activity at T2
compared to the control group (β = 0.26, 95% CI 0.08, 0.45). Thirdly, participants in the intervention
group improved their knowledge at T1 and T2 compared to the control group, with the improvement
at T2 being significant (β = 0.51, 95% CI 0.04, 0.99).
Table 3. Changes in self-monitoring and goalsetting and effects of the PhysioDom HDIM intervention
on knowledge, perceived behavioural control, and attitude.
Intervention Group Control Group Linear Mixed Models
T0 T1 T2 T0 T1 T2
β T1 (95% CI) β T2 (95% CI) N
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Self-monitoring 2.9 1.2 3.5 0.9 3.3 1.1 3.1 1.2 3.1 1.2 3.0 1.3 0.49(0.19, 0.80) **
0.50
(0.20, 0.80) ** 199
Goalsetting 2.7 1.2 3.0 1.1 2.8 1.2 3.0 1.1 3.0 1.3 2.9 1.2 0.25(−0.05, 0.55)
0.19
(−0.10, 0.48) 199
Knowledge a 7.3 2.1 8.2 1.9 8.3 1.8 7.5 2.0 7.5 2.1 7.6 2.2 0.51(−0.09, 1.12)
0.51
(0.04, 0.99) * 198





PBC PA 3.7 0.8 3.8 0.9 3.9 0.9 4.0 0.9 3.8 1.0 3.9 0.9 0.19(−0.03, 0.41)
0.26
(0.08, 0.45) ** 199
Attitude HE c 4.7 0.5 4.7 0.5 4.7 0.5 4.6 0.5 4.6 0.5 4.6 0.6 −0.01(−0.18, 0.16)
0.00
(−0.17, 0.17) 188





SD, standard deviation; CI, confidence interval; PBC: perceived behavioural control; HE: healthy eating; PA: physical
activity. All results are adjusted for age and sex. a Adjusted for age, sex, and Mini Mental State Examination score.
b Adjusted for age, sex, BMI, living situation, nutritional status, and physical functioning. c Adjusted for age, sex,
BMI, physical functioning and cognitive functioning. d Adjusted for age, sex, BMI, physical functioning. * p < 0.05;
** p < 0.01.
3.3. Effect Mediation
Four significant mediation pathways were found. Firstly, the effect of the intervention on
compliance with the guidelines for the intake of fruit was mediated by increased self-monitoring
behaviour at T1. Secondly, the effect of the intervention on compliance with the guidelines for the intake
of protein was mediated by improvements in knowledge at T1 and T2 (Table 4). Thirdly, even though
a significant effect of the intervention on the total DHD-FFQ score was lacking, we found significant
mediation by self-monitoring at T1 (Appendix A). Likewise, increased self-monitoring mediated the
intervention’s effect on compliance with guidelines for the intake of saturated fat (Appendix A).
Table 4. Mediation of the intervention’s effect on diet quality and physical activity.
Indirect Effect 1 a,b
(a1 × b1)
Indirect Effect 2 a,c
(a1 × d21 × b2)
Indirect Effect 3 a,d
(a2 × b2)
β (SE) 95% CI β (SE) (95% CI) β (SE) (95% CI) N
T0–T2 Fruit
Self-monitoring 0.16 (0.10) 0.02, 0.45 0.02 (0.04) −0.04, 0.13 0.04 (0.08) −0.11, 0.24 141
Goalsetting 0.03 (0.08) −0.08, 0.27 −0.00 (0.03) −0.09, 0.03 −0.01 (0.04) −0.15, 0.03 140
Knowledge 0.17 (0.14) −0.01, 0.57 −0.02 (0.05) −0.15, 0.05 −0.02 (0.06) −0.21, 0.04 139
PBC HE 0.01 (0.05) −0.05, 0.18 0.02 (0.03) −0.01, 0.13 −0.02 (0.05) −0.20, 0.04 136
Attitude HE −0.00 (0.04) −0.09, 0.07 0.00 (0.01) −0.01, 0.03 −0.00 (0.05) −0.12, 0.07 137
T0–T2 Vegetables
Self–monitoring −0.07 (0.11) −0.11, 0.35 −0.06 (0.05) −0.22, 0.01 −0.12 (0.11) −0.39, 0.04 141
Goalsetting 0.01 (0.06) −0.05, 0.22 −0.00 (0.03) −0.07, 0.05 −0.00 (0.05) −0.12, 0.08 140
143
Nutrients 2018, 10, 1062
Table 4. Cont.
Indirect Effect 1 a,b
(a1 × b1)
Indirect Effect 2 a,c
(a1 × d21 × b2)
Indirect Effect 3 a,d
(a2 × b2)
β (SE) 95% CI β (SE) (95% CI) β (SE) (95% CI) N
Knowledge −0.07 (0.09) −0.32, 0.06 −0.01 (0.05) −0.11, 0.08 −0.01 (0.06) −0.18, 0.08 139
PBC HE −0.01 (0.07) −0.25, 0.06 −0.01 (0.03) −0.13, 0.02 0.02 (0.05) −0.04, 0.21 136
Attitude HE −0.01 (0.07) −0.23, 0.07 0.00 (0.01) −0.01, 0.04 −0.00 (0.05) −0.13, 0.08 137
T0–T2 Dietary fibre
Self-monitoring −0.07 (0.07) −0.27, 0.03 0.03 (0.04) −0.02. 0.14 0.07 (0.07) −0.05, 0.26 141
Goalsetting −0.00 (0.03) −0.08, 0.05 0.01 (0.02) −0.02, 0.09 0.02 (0.04) −0.02, 0.15 140
Knowledge 0.02 (0.06) −0.06, 0.22 0.01 (0.03) −0.04, 0.10 0.1 (0.04) −0.04, 0.14 139
PBC HE 0.05 (0.05) −0.03, 0.20 −0.01 (0.02) −0.08, 0.01 0.01 (0.03) −0.02, 0.13 136
Attitude HE 0.00 (0.03) −0.05, 0.06 0.00 (0.01) −0.00, 0.03 −0.00 (0.02) −0.09, 0.03 137
T0–T2 Protein
Self-monitoring −0.25 (0.19) −0.76, 0.00 0.00 (0.08) −0.16, 0.18 0.00 (0.17) −0.37, 0.34 141
Goalsetting −0.04 (0.12) −0.42, 0.12 0.01 (0.06) −0.05, 0.23 0.04 (0.09) −0.05, 0.37 140
Knowledge −0.07 (0.12) −0.44, 0.07 0.12 (0.09) 0.006, 0.41 0.12 (0.13) −0.04, 0.52 139
PBC HE 0.06 (0.09) −0.04, 0.40 −0.02 (0.04) −0.17, 0.02 0.02 (0.07) −0.05, 0.28 136
Attitude HE 0.01 (0.07) −0.08, 0.23 0.00 (0.01) −0.01, 0.06 −0.01 (0.06) −0.20, 0.08 137
T0–T2 Physical activity
Self-monitoring −0.02 (0.16) −0.40, 0.29 −0.04 (0.08) −0.27, 0.07 −0.10 (0.17) −0.52, 0.18 141
Goalsetting −0.02 (0.08) −0.32, 0.07 −0.00 (0.05) −0.51, 0.07 −0.01 (0.08) −0.25, 0.10 140
Knowledge −0.10 (0.13) −0.49, 0.07 −0.04 (0.07) −0.24, 0.05 −0.04 (0.09) −0.35, 0.05 139
PBC PA −0.04 (0.10) −0.31, 0.10 0.07 (0.08) −0.01, 0.34 0.16 (0.13) −0.02, 0.51 137
Attitude PA −0.003 (0.05) −0.14, 0.07 0.001 (0.02) −0.04, 0.06 0.008 (0.05) −0.06, 0.17 133
SE: standard error; CI: confidence interval; PBC: perceived behavioural control; HE: healthy eating, PA: physical
activity. All results were adjusted for age and sex. a Standard errors and confidence intervals for indirect effects
were calculated with bootstrapping (10,000 samples). b Indirect effect of the intervention on the outcome Y through
the mediator at T1. c Indirect effect of the intervention on the outcome Y through the mediators at T1 and T2 in
serial. d Indirect effect of the intervention on the outcome Y through the mediator at T2.
4. Discussion
This study aimed to evaluate the effects of a multi-component telemonitoring intervention on
behavioural determinants of nutrition and physical activity behaviour in older adults, and to evaluate
the role of mediators in the effects on behaviour. The intervention resulted in improvements in
self-monitoring, perceived behavioural control for physical activity, and knowledge. Furthermore,
self-monitoring mediated the effect of the intervention on total diet quality score and compliance with
the guidelines for the intake of fruit and saturated fatty acids. Knowledge mediated the effect of the
intervention on compliance with the guidelines for the intake of protein.
Intervention group participants increased their self-monitoring, which mediated the effect of
the intervention on total DHD-FFQ score, and the intake of fruit and saturated fatty acids. Scores
for self-monitoring improved from 2.9 at T0 to 3.5 at T1 and 3.3 at T2, meaning that the frequency of
self-monitoring increased from on average a few times per month to somewhere between a few times
per month and weekly, suggesting that this rather small change is already sufficient to partly mediate
the intervention’s effect. Self-monitoring of diet, physical activity, and weight has mainly been used in
weight loss programs with more frequent self-monitoring resulting in more weight loss as compared
to less frequent self-monitoring [43]. Another study focussing on the effects of self-monitoring by
means of mobile devices showed positive outcomes on dietary intake [44]. In an intervention study,
the effect of daily tailored messaging on weight loss was mediated by self-monitoring of diet and
physical activity [45]. In our study, self-monitoring mediated the effect of the intervention on total
diet quality score and the intake of fruit and saturated fatty acids, but not the effect on other diet
quality components. A possible explanation is that self-monitoring of diet was not very intensive as
participants filled out the DHD-FFQ twice during the six-month intervention, as opposed to more
frequent dietary self-monitoring encountered in other studies [44]. Apparently, also other mechanisms
besides self-monitoring have caused the intervention to result in positive changes in diet quality and
physical activity. Increasing the frequency of self-monitoring of dietary intake may strengthen the
effect of this intervention.
144
Nutrients 2018, 10, 1062
The intervention resulted in increased perceived behavioural control for PA, but this did not
mediate the intervention’s effect on physical activity. This seems contradictory to the theory of planned
behaviour that poses that PBC precedes behavioural intention and behaviour [46]. Furthermore,
PBC is seen as a predictor of the translation of intention into behaviour [47,48]. With regard to older
adults, PBC is considered as a consistent predictor of physical activity initiation and maintenance [49].
In contrast, an intervention study aiming to improve physical activity among participants with
increased risk of type 2 diabetes shows that PBC did not predict physical activity or change in physical
activity [50]. The authors argue that the TPB may be less accurate in explaining behaviour among
clinical samples than among the often-used student samples, which could also explain the lack of
mediation by PBC in this study [50]. All in all, other mechanisms besides the ones that we have
measured may have been important in increasing physical activity levels of our study population,
for example, awareness, enjoyment, or action planning [49].
The intervention had a positive effect on knowledge, and this mediated the intervention’s effect
on compliance with the guidelines for the intake of protein, but not the effects on compliance with
other dietary guidelines. Knowledge score improved from 7.3 at T0 to 8.3 at T2, meaning that
intervention group participants were able to answer one more knowledge statement correctly, from
the eleven statements in total. This rather small effect size may explain why the intervention’s
effect was only limitedly mediated via knowledge. Nutrition education intervention studies
among older adults have shown positive effects on knowledge [51–53], although in the study by
Racine et al, this was not associated with better adherence to the DASH diet [51,52]. A review
examining the relationship between nutrition knowledge and dietary intake showed positive but
weak correlations [54]. The general idea is that nutritional knowledge is necessary but not sufficient
for changing dietary habits, and that the association of knowledge with diet quality is complex and
influenced by many other demographic and environmental factors [54]. Furthermore, the knowledge
questionnaire used in this study assessed declarative knowledge, while procedural knowledge of
nutrition (e.g., knowing how to read food labels or how to cook a healthy meal) might be more
relevant for making healthy food choices [55]. Nevertheless, improved knowledge did mediate the
intervention’s effect on the compliance with dietary guidelines for protein intake. This is a relevant
finding, as sufficient protein intake in older adults is necessary to counteract age-related loss of muscle
mass [56]. Furthermore, older adults seem unaware of the importance of sufficient intake of protein [4].
This study suggests that increasing nutritional knowledge might be an effective and relatively easy
way to improve protein intake in older adults.
The intervention did not result in significant changes in goalsetting, attitude, and perceived
behavioural control for healthy eating. Several possible explanations could be given. The emphasis
of the intervention was on self-monitoring of nutritional outcomes and PA. Participants received
training and instructions to do these self-measurements and were reminded via a paper calendar
and television messages, resulting in increased self-monitoring behaviour. Participants were also
prompted to set goals for diet quality and PA, but only via the intervention manual and via television
messages, which were not always read. This could explain the lack of significant effects on goal-setting.
Secondly, attitude and perceived behavioural control for healthy eating were also targeted through
television messages. Again, too little messages might have been read to have an impact on these
behavioural determinants. Furthermore, television messages to target PBC for healthy eating were
mainly focussed on the individual. However, PBC might also be affected by characteristics that are
not easily targeted, such as impaired physical functioning, limited mobility, limited cooking skills,
or more environmental determinants such as distance to a supermarket. All in all, to target goalsetting,
attitude, and perceived behavioural control for healthy eating, a higher intervention dose might be
necessary to result in change.
To our knowledge, this is the first study that aimed to unravel mechanisms of impact of an
intervention that focussed on improving nutritional status in community-dwelling elderly through
eHealth. Strengths of this study include the use of a theoretical framework and validated constructs
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to measure behavioural determinants. This study also has limitations that may have contributed to
the limited significant findings from the mediation analyses. The population for analysis was smaller
for the mediation analyses than for the mixed model analyses, as the method used for mediation
analyses is less flexible concerning missing data. This could have resulted in a loss of power or have
obscured mediation pathways. Secondly, using self-report measures of diet and physical activity
instead of objective measures of behaviour may have led to weaker associations with the proposed
behavioural determinants [57]. Furthermore, older adults might be less good in filling out TPB
questionnaires than younger adults [50]. Thirdly, it is uncertain whether BCT’s which have been
proven successful in younger populations can be applied in older populations as well [58]. It may
well be that some BCT’s may be too complex for older adults with impaired physical functioning
or in another way do not appeal to older adults, potentially explaining the limited results from the
mediation analyses. Finally, it is uncertain whether effects on behavioural determinants and behaviour
will sustain. Participants could keep the weighing scale and pedometer to keep track of their weight
and daily steps. Employing BCT’s enhances the chance that participants maintain their behaviour [13].
On the other hand, this study mainly focussed on individual determinants of health behaviour, while
it is suggested that organisational and societal determinants are also important for achieving sustained
change [59]. More research is necessary to assess the long-term effectiveness of nutritional eHealth
interventions, and what exactly contributes to long-term impact.
Finally, this study showed that a multi-component telemonitoring intervention for
community-dwelling older adults resulted in increased self-monitoring behaviour, and improved
perceived behavioural control for physical activity and knowledge. The intervention’s effect on total
diet quality score, fruit intake, and saturated fatty acids intake was mediated by self-monitoring and
the effect on protein intake was mediated by knowledge. Apparently, other unknown mediators have
also played an important role in achieving the intervention’s results on diet quality and physical
activity. This calls for more research into which behaviour change techniques are effective in improving
nutritional outcomes in older adults.
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Appendix A
Table A1. Mediation of the intervention’s effect on total diet quality score and other diet
quality components.
Indirect Effect 1 a,b
(a1 × b1)
Indirect effect 2 a,c
(a1 × d21 × b2)
Indirect Effect 3 a,d
(a2 × b2)
β (SE) 95% CI β (SE) (95% CI) β (SE) (95% CI) N
T0–T2 Total
DHD-FFQ score
Self-monitoring 0.79 (0.50) 0.09, 2.11 0.07 (0.21) −0.27, 0.65 0.16 (0.47) −0.61, 1.35 141
Goalsetting 0.07 (0.30) −0.24, 1.06 0.04 (0.16) −0.15, 0.65 0.11 (0.26) −0.15, 1.06 140
Knowledge 0.23 (0.37) −0.28, 1.32 −0.17 (0.19) −0.74, 0.07 −0.18 (0.27) −1.10, 0.11 139
PBC HE 0.05 (0.23) −0.28, 0.76 0.01 (0.11) −0.20, 0.27 −0.01 (0.16) −0.44, 0.28 136
Attitude HE −0.03 (0.16) −0.55, 0.19 −0.01 (0.06) −0.19, 0.05 0.05 (0.24) −0.30, 0.80 137
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Table A1. Cont.
Indirect Effect 1 a,b
(a1 × b1)
Indirect effect 2 a,c
(a1 × d21 × b2)
Indirect Effect 3 a,d
(a2 × b2)
β (SE) 95% CI β (SE) (95% CI) β (SE) (95% CI) N
T0–T2 Fish
Self-monitoring −0.07 (0.11) −0.36, 0.10 0.01 (0.06) −0.09, 0.14 0.02 (0.12) −0.20, 0.30 141
Goalsetting −0.01 (0.07) −0.23, 0.07 −0.00 (0.03) −0.08, 0.06 −0.00 (0.05) −0.14, 0.09 140
Knowledge 0.09 (0.10) −0.04, 0.38 −0.02 (0.06) −0.17, 0.08 −0.02 (0.07) −0.24, 0.08 139
PBC HE 0.05 (0.09) −0.04, 0.35 −0.02 (0.04) −0.18, 0.02 0.02 (0.06) −0.04, 0.22 136
Attitude HE 0.00 (0.04) −0.08, 0.09 −0.00 (0.01) −0.04, 0.01 0.01 (0.05) −0.06, 0.17 137
T0–T2 Saturated
fatty acids
Self-monitoring 0.31 (0.21) 0.02, 0.86 0.06 (0.09) −0.05, 0.32 0.14 (0.18) −0.14, 0.59 141
Goalsetting 0.05 (0.16) −0.17, 0.51 −0.00 (0.06) −0.18, 0.10 −0.01 (0.10) −0.30, 0.15 140
Knowledge 0.03 (0.15) −0.22, 0.40 −0.03 (0.08) −0.24, 0.09 −0.03 (0.10) −0.35, 0.09 139
PBC HE −0.01 (0.10) −0.29, 0.16 0.04 (0.06) −0.03, 0.27 −0.04 (0.10) −0.39, 0.08 136
Attitude HE −0.03 (0.12) −0.46, 0.12 −0.01 (0.03) −0.12, 0.02 0.03 (0.12) −0.15, 0.37 137
T0–T2 Salt
Self-monitoring 0.05 (0.13) −0.17, 0.37 0.02 (0.07) −0.10, 0.20 0.04 (0.15) −0.23, 0.40 141
Goalsetting −0.00 (0.07) −0.18, 0.12 0.01 (0.05) −0.04, 0.19 0.03 (0.08) −0.05, 0.34 140
Knowledge 0.00 (0.11) −0.21, 0.27 −0.08 (0.07) −0.32, 0.01 −0.08 (0.10) −0.42, 0.03 139
PBC HE −0.06 (0.09) −0.37, 0.04 0.02 (0.04) −0.02, 0.15 −0.02 (0.06) −0.23, 0.04 136
Attitude HE 0.01 (0.05) −0.05, 0.16 −0.00 (0.02) −0.05, 0.02 0.01 (0.07) −0.10, 0.20 137
T0–T2 Alcohol
Self-monitoring 0.04 (0.04) −0.02, 0.17 0.01 (0.04) −.0.05, 0.11 0.02 (0.08) −0.13, 0.20 141
Goalsetting −0.00 (0.03) −0.10, 0.05 0.00 (0.02) −0.01, 0.06 0.01 (0.02) −0.01, 0.09 140
Knowledge −0.00 (0.03) −0.08, 0.05 0.01 (0.03) −0.03, 0.11 0.01 (0.04) −0.03, 0.15 139
PBC HE 0.01 (0.02) −0.01, 0.07 0.01 (0.02) −0.01, 0.11 −0.01 (0.04) −0.18, 0.03 136
Attitude HE 0.00 (0.03) −0.02, 0.10 −0.00 (0.02) −0.08, 0.01 0.01 (0.08) −0.07, 0.31 137
T0–T2 Vitamin D
Self-monitoring 0.00 (0.04) −0.07, 0.08 −0.01 (0.03) −0.06, 0.06 −0.01 (0.06) −0.14, 0.11 141
Goalsetting −0.00 (0.02) −0.07, 0.03 −0.00 (0.01) −0.05, 0.01 −0.01 (0.02) −0.09, 0.01 140
Knowledge 0.01 (0.03) −0.05, 0.08 0.03 (0.04) −0.01, 0.16 0.04 (0.05) −0.01, 0.24 139
PBC HE 0.02 (0.0.3) −0.01, 0.12 −0.02 (0.03) −0.12, 0.01 0.02 (0.05) −0.03, 0.17 136
Attitude HE 0.00 (0.02) −0.03, 0.08 −0.00 (0.00) −0.02, 0.01 0.00 (0.02) −0.03, 0.06 137
SE: standard error; CI: confidence interval; PBC: perceived behavioural control; HE: healthy eating, PA: physical
activity. All results were adjusted for age and sex. a Standard errors and confidence intervals for indirect effects
were calculated with bootstrapping (10,000 samples). b Indirect effect of the intervention on the outcome Y through
the mediator at T1. c Indirect effect of the intervention on the outcome Y through the mediators at T1 and T2 in
serial. d Indirect effect of the intervention on the outcome Y through the mediator at T2.
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Abstract: The purpose of this study was to compare changes in diet and daily physical activity (PA) in
high school (HS) soccer players who participated in either a two-year obesity prevention intervention
or comparison group, while controlling for sex, race/ethnicity, and socioeconomic status. Participants
(n = 388; females = 58%; Latino = 38%; 15.3 ± 1.1 years, 38% National School Breakfast/Lunch
Program) were assigned to either an intervention (n = 278; 9 schools) or comparison group (n = 110;
4 schools) based on geographical location. Pre/post intervention assessment of diet was done
using Block Fat/Sugar/Fruit/Vegetable Screener, and daily steps was done using the Fitbit-Zip.
Groups were compared over-time for mean changes (post-pre) in fruit/vegetables (FV), saturated
fat (SF), added sugar, and PA (daily steps, moderate-to-vigorous PA) using analysis of covariance.
The two-year intervention decreased mean added sugar intake (−12.1 g/day, CI (7.4, 16.8), p = 0.02);
there were no differences in groups for FV or SF intake (p = 0.89). For both groups, PA was
significantly higher in-soccer (9937 steps/day) vs. out-of-soccer season (8117 steps/day), emphasizing
the contribution of organized sports to youth daily PA. At baseline, Latino youth had significantly
higher added sugar intake (+14 g/day, p < 0.01) than non-Latinos. Targeting active youth in a diet/PA
intervention improves diet, but out of soccer season youth need engagement to maintain PA (200).
Keywords: adolescent; free or reduced lunch; National School Lunch Program; Fitbit; soccer;
low-income; Latino; added sugar; sport nutrition; sport
1. Introduction
Currently, 20.6% of United States (US) adolescents are obese [1]. Reducing obesity is best
accomplished through prevention efforts, yet the practices and methods to implement this goal
are still emerging. In 2017, 52.7% of public high school (HS) students participated in sports [2,3].
Since many youth begin playing sports at a young age and continue through HS, this time may
represent a window of opportunity to begin building life-skills that emphasize daily physical activity
(PA), and eating a healthy diet to fuel growth, performance and health. Thus, targeting youth involved
in HS school sports for obesity prevention, may be an overlooked opportunity to engage these youth.
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Diet and PA are two key lifestyle factors in preventing and reducing obesity risk. Developing these
life-skills as part of the youth sport experience will benefit participants for a lifetime, long after school
sports are over.
For US youth, soccer is one of the fastest growing sports and among one of the top five most
popular games for male and female youth. Since 2000, over three million youth have played soccer
annually [4]. Soccer is especially popular among Latino youth [5]. Although Latina girls have lower
sport participation rates than their peers, soccer is the one sport they are most likely to play [5].
Based on data from the National Federation of State High School Associations, more than eight million
adolescents participated in HS sports in 2016–2017 [3], yet there is limited nutrition education given to
these youth related to diet and PA. We recently examined the sport nutrition knowledge, attitudes and
beliefs of HS soccer players. Results show that sports nutrition knowledge is low (46%), especially
in Latino youth (39%) and those participating in National School Breakfast/Lunch Program (NSLP)
(41%) [6].
Children and adolescents with lower social economic status have higher obesity rates, poorer
diets, and lower levels of PA [7–9]. Latino youth are especially at risk for obesity [10], with significantly
higher obesity prevalence (25.8%) than non-Latino youth (11.0–22.0%) [1]. For Latino youth, obesity
rates are high regardless of social economic status [8]. Khan et al. found higher body mass index
(BMI, kg/m2) levels among second-generation Mexican-American adults compared with those born
in Mexico [11]. This increase in body weight may be due to the availability of cheap food that can be
higher in added sugar and fat than healthier foods (e.g., fruit/vegetable (FV), whole grains, low-fat
dairy/meats) [12]. Finally, Boutelle et al. [13] found that Latino parents with HS adolescents were more
likely than White, Asian, and Black families to purchase fast-food for the family meals (>3 time/week).
No study has examined the influences of parental practices on HS soccer players’ diet and PA.
Promoting a healthy diet, daily PA, and life-skills through sport programs provides an opportunity
to reach groups of diverse adolescents. Youth athletes see these programs as ‘improving sport
performance’ and less as ‘another classroom lesson’. The WAVE~Ripples for Change program was
developed for HS soccer players to encourage PA outside of sport, and to teach nutrition and life-skills
(e.g., meal planning, shopping on a budget, food preparation/cooking skills, and gardening) to support
sustainable healthy eating and lifetime PA. Thus, the purpose of this study was to compare changes in
diet and daily PA in HS soccer players who participated in either a two-year obesity prevention
intervention or comparison group, while controlling for sex, race/ethnicity, and socioeconomic
status. In order to examine the influences of parental practices on HS soccer player’s diet and PA,
youth’s self-report of their parents’ involvement in healthy eating (e.g., modeling, setting rules and
providing healthy food at home), setting screen time limits, and modeling PA were compared to
youth’s self-reported FV, saturated fat, added sugar intakes, and measured PA using Fitbit-zip.
2. Materials and Methods
2.1. Program Overview and Experimental Design
The WAVE~Ripples for Change: Obesity Prevention in Active Youth (WAVE) program is
a two-year integrated (research, education and extension) obesity prevention intervention targeting HS
soccer players (aged 14–19 years). The intervention was age-specific and included health assessments,
nutrition and diet questionnaires, face-to-face sports nutrition lessons, team-building workshops
(TBWs) and experiential learning. The WAVE educational objectives were to encourage PA outside
of sport, and teach sport nutrition and life-skills (e.g., meal planning, shopping on a budget,
food preparation/cooking skills, and gardening) to support sustainable healthy eating and life-long
PA among HS soccer players. Eligibility criteria included: (1) age 14–19 years; (2) enrolled in HS soccer;
(3) living with a parent/caregiver; (4) no medical conditions preventing a normal diet; (5) internet
access during the two-year study; and (6) proficiency in English. Figure 1 shows the experimental
design of WAVE program for this study, see the full WAVE experimental design in Supplement
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Figure S1. See Manore et al [6] for more details on baseline sports nutrition knowledge and Meng
et al [14] for details on program process evaluation. This manuscript only presents the two-year
intervention data for changes in diet (FV, added sugar, saturated fat) and PA (steps/day; minutes of
moderate-to-vigorous PA (MVPA)). All study instruments, protocols, and consent procedures were
approved by the Oregon State University Institutional Review Board (#6317).
 
Intervention Group
Comparison Group (Assessment only)


























End of the 
Program
Figure 1. The WAVE program intervention experimental design (2015–2017) specific for diet and
physical activity data.
2.2. Recruitment and Participants
We used a two-step recruitment process. First, soccer coaches and their schools were recruited
through OSU 4-H Soccer, then soccer players were recruited through their coaches and parents recruited
at soccer parent meetings. Soccer teams were then assigned (non-randomized) to either the intervention
(n = 278; 9 schools,) or comparison (n = 110; 3 schools) groups based on geographical location.
The WAVE program recruited 864 HS soccer players and 72% were enrolled after submitting
youth assent and parent consent forms [14]. For data analyses using only baseline (time 1) data,
we included only those soccer players (n = 388; 14–18 years; 13 schools; 24 soccer teams) who completed
a demographic/health history/soccer experience questionnaire, diet and anthropometry assessments,
and PA using Fitbit-zip for at least two days. For data analyses examining changes over the two-year
intervention, we included 202 participants who completed both assessments periods (time 1, time 2)
and 97 participants who completed PA assessments at time 1 and time 2.
2.3. Intervention Delivery
The majority of the intervention (lessons, TBW, PA measurement) was delivered to teams during
the fall soccer season and summer soccer camps. The WAVE HS sport nutrition curriculum was
delivered to teams and their coaches by a registered dietitian nutritionist (RDN) trained in sport
nutrition and experienced in collegiate/professional soccer. Prior to intervention, all lessons were
pilot-tested and revised based on athletes and input from experts. During year 1 the sport nutrition
topics covered were hydration and pre/during/post-exercise fueling, while year 2 focused on body
composition/image; maintaining muscle and staying healthy, and eating-well while eating out.
PA outside of soccer practice and out-of-soccer season were encouraged. Newsletters reinforced lessons
and provided recipes or tips to meet sport nutrition needs. Life-skills trainings were taught via three
TBWs focused on menu planning, grocery shopping, cooking, knife skills and safety, and gardening,
and delivered to teams by Extension faculty and community partners. These educational approaches
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all included experiential learning opportunities (e.g., food demonstrations and tastings, cooking with
recipes high in FV, shopping on a budget, planning a post-game team meal, garden harvesting).
The sports nutrition lessons and TBW encouraged intakes of FV, whole grains, and low-fat proteins,
while selecting less processed foods and added sugar. See Supplement Table S1 for more information
of the WAVE sports nutrition lesson curriculum and newsletter topics.
2.4. Data Collection
Eligible participants enrolled in person or online. Questionnaires and assessments were completed
at baseline (time 1) and post-intervention (time 2) (Figure 1). Based on the completion rate of
intervention activities, each participant received gift cards (maximum = $65/year).
2.4.1. Demographics, Parental Practices, and Anthropometry
The baseline questionnaire collected demographic (sex, age, races/ethnicity), NSLP participation,
soccer experience, and youth perceived parental practices. Youth indicated how many days/week
(0, 1–3, 4–5, or 6–7 days) their parent participated in the following behaviors: (1) making healthy
food available at home; (2) role modeling healthy eating; (3) setting rules/expectations on what
youth eat; (4) setting rules/expectation around screen time; and (5) role modeling PA. Anthropometry
(height, weight; Tanita scale TM-300A, Tanita Corp., Singapore) assessments were completed at time 1
and time 2. Researcher completed required anthropometry training sessions to assure protocol fidelity
and test/retest reliability.
2.4.2. Dietary Assessment
A validated food intake screener (Block Fat/Sugar/Fruit/Vegetable Screener (Block-FSFV)) was
used to measure youth’s FV, saturated fat, and added sugar intakes [15]. The screener reliability
ranging from 0.70 to 0.78 over a four-month test/retest period [15]. Participants reported the portion
size and consumption frequency of consuming 35 foods over the past week. Summary data included
estimated average daily intakes for FV (cup equivalents), saturated fat (g/day) and added sugar
(g/day). Estimated daily energy intake was only used to identify over/under-reporting as defined by
Boucher et al [16].
2.4.3. Physical Activity Assessment
At baseline (Time 1) and post-intervention (Time 2), all participants wore a Fitbit-Zip for 7-days.
Fitbit-Zip correlates highly with the step data and MVPA data yielded by the ActiGraph among
free-living adolescents [17]. This approach was pre-tested in the pilot study to assure viability
and repeatability. Participants were given both oral and written instructions on how to use the
Fitbit-zip. Daily texts/emails were sent to remind participants of wearing Fitbit. The comparison
group’s Fitbit-Zip screen was covered with duct tape to avoid the self-monitoring effect on PA.
Fitbit-Zip minute-by-minute data were aggregated into average daily steps, while MVPA was
identified as time spent at >100 steps/min/day. Substantial empirical evidence supports using
the >100 steps/min threshold for defining ambulatory time spent at or above a moderate-intensity
in adults [18]. Recent research, using regression-based calibration in older adolescents (15–17 years),
shows that this threshold (>100 steps/min) appears appropriate for defining time spent at or above
a moderate-intensity in this age group [19]. All participants used in the PA analyses had at least two
valid days of Fitbit-Zip measured PA (8-h/day wearing time) and daily values for steps/day and MVPA
(min/day) were averaged across valid days. The Fitbit-Zip has shown excellent reliability (ICC = 0.90)
for measuring steps in the laboratory setting [20] and previous research among a large and diverse
sample of children and adolescents has demonstrated that two days of pedometer monitoring provides
an acceptable level of reliability (ICC > 0.85) when estimating weekly steps/day [21]. Although
there remains no consensus wear time threshold for defining a “valid day” when working with
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minute-by-minute Fitbit-Zip step data, we chose to employ the 8-h/day criteria utilized by a previous
validation study in adolescents [17].
2.5. Data Analysis
At baseline (Time 1) descriptive statistics were calculated. Analysis of variance (ANOVA)
models were used to examine mean baseline differences in FV, saturated fat, added sugar intake,
average daily steps, and MVPA (min/day) between race/ethnicity (Latino/non-Latino, white and
others), sex (female/male), and NSLP (participants/non-participants); interactions were also examined.
Pearson correlations were used to evaluate associations between diet and PA variables and youth
self-reported parental practices.
A series of analysis of covariance (ANCOVA) models, with categorical independent variables for
group assignment, race/ethnicity, sex, and NSLP, were used to evaluate mean changes (time 2-time 1)
in PA and diet intakes (FV, saturated fat, added sugar) between groups (intervention/comparison).
For each outcome variable, a separate ANCOVA model was fitted with change score (time 2-time 1)
as the dependent variable and baseline value as a covariate. Analyses were conducted using SPSS
(version 24, SPSS, IBM SPSS, Inc., Chicago, IL, USA) and R Core Team.
3. Results
Table 1 provides the demographic characteristics of participants who completed baseline
assessments. Participants were 15.3 ± 1.1 years of age and were normal weight based on average
body mass index (BMI) percentile [22]. More specifically, 1% of participants were below 5th percentile,
77% were between 5th–85th percentile, 14.9% were between 86th–95th percentile, and 7% were greater
than the 95th percentile. Overall, 38.1% of the youth athletes participated in the NSLP, with most
(78.4%) being Latino; 45% engage in ≥ 2 sports, and 42% reported ≥ 1 injuries in the past year that
needed ≥ 1-week of rest.
Table 1. Baseline characteristics of participants who completed demographic questionnaire, diet and
anthropometry assessments, and physical activity using Fitbit-zip (n = 388).
Baseline Characteristics All (n = 388)
Intervention Group (n = 278) Comparison Group (n = 110)
Female (n = 152) Male (n = 126) Female (n = 72) Male (n = 3 8)
Age (year), mean (SD) a 15.3 (1.1) 15.1 (1.0) 15.3 (1.2) 15.4 (1.3) 15.9 (1.0)
Race, n (%)
Latino 149 (38.4%) 43 (28.3%) 59 (46.8%) 34 (47.2%) 13 (34.2%)
Non-Latino b 239 (61.6%) 109 (71.7%) 67 (53.2%) 38 (52.8%) 25 (65.8%)
NSLP c, n (%) 148 (38.1%) 43 (28.3%) 53 (42.1%) 35 (48.6%) 17 (44.7%)
Prepare meal for themselves, n (%) 229 (59.0%) 99 (65.1%) 66 (52.4%) 44 (61.1%) 20 (52.6%)
Mean (SD) a
BMI d percentile 62.8 (25.0) 62.3 (23.5) 56.1 (27.5) 73.7 (21.0) 62.7 (21.0)
Years play soccer (year) 7.6 (3.7) 8.2 (3.3) 8.0 (3.7) 5.8 (3.6) 6.6 (4.0)
Fruit and vegetable (FV) intakes
(cup equivalent/day) 2.8 (1.6) 2.9 (1.6) 2.8 (1.6) 2.4 (1.5) 2.7 (1.6)
Saturated fat (g/day) 21.8 (10.4) 19.8 (9.5) 24.1 (11.6) 20.9 (9.2) 23.6 (10.0)
Added sugar (g/day) 47.9 (38.3) 38.2 (30.6) 53.4 (43.7) 56.5 (38.4) 51.6 (39.9)
Daily steps/day 9937 (3180) 9019 (2534) 10629 (3551) 10061(2997) 11080(3642)
Moderate-to-vigorous physical
activity (MVPA) (min/day) 33.3 (15.5) 29.2 (12.2) 38.3 (18.0) 31.8 (14.0) 35.9 (15.7)
a Standard Deviation (SD); b Non-Latino includes participants who self-identified as White, American Indian/Alaska
Native, Asian/Pacific Islander, or Black/African American; c NSLP = National School Lunch Program, participation
indicates social economic status; d BMI = Body mass index (kg/m2), 5th percentile to less than the 85th percentile is
considered normal or healthy weight [22].
3.1. DietAssessment
For all participants at baseline (time 1), the average FV consumption was 2.8 cups/day (Table 1).
There were no differences between sexes for FV and added sugar intakes, but females had significantly
lower saturated fat intake than males (−4.4 g/day) (Table 2). Latinos had significantly higher
added sugar intake than non-Latinos (+14.1 g/day), after adjusting for sex and NSLP. The two-year
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intervention resulted in participants significantly decreasing added sugar (−12g/day) and saturated fat
(−2.7 g/day) intakes, with no changes in FV intake (Table 3). For the same time period, only saturated
fat (−2.5 g/day) decreased in the comparison group. In comparing differences between groups
over the two-year intervention, only added sugar intake was significantly lower in the intervention
group (−10.4 g/day). This lower intake of sugar was attributed to a decrease in frequency (−11%)
of consuming cake/cookie snack, ice cream, and ice-cream bars. There were no changes in
sugar-sweetened beverage intake.
3.2. Physical Activity
For all participants (n = 388), baseline average steps/day were 9937 (males = 107,34 steps/day;
females = 9353 steps/day) and MVPA was 33.3 min/day (Table 1). Neither the 2008 or 2018 Physical
Activity Guidelines for Americans gives recommendation step guidelines for youth [23,24]. However,
Adam et al. [25] translated the 2008 Physical Activity Guideline recommendation of 60 min/day of
MVPA into step counts for youth 12–17 year (male ≥ 105,00 steps/day; female ≥ 9000 steps/day).
Our participants met this step threshold recommendation. Overall, females were significantly less
active (−1380 steps/day; −7.7 min MVPA/day) than males (Table 2). There were no differences
in PA due to ethnicity or NSLP participation. During the two-year intervention, both groups had
significantly higher PA in-season (time 1) compared to out-of-season (time 2; ~1500−2000 steps/day
less) (Table 3). A similar response was observed in MVPA, with a higher level of MVPA (~17%)
in-season vs. out-of-season. Over the two-year intervention, there were no significant differences
between groups for PA.
To further explore how participating in soccer contributed to meeting the PA guidelines,
we calculated the average minute-by-minute steps for participants (n = 97; 2-day Fitbit data) using
a 24-h scale (see Figure 2). Between 2:30–6:00 p.m., participants averaged 18.6 and 8.8 steps/minute
in-season and out-season, respectively. During this time, athletes accumulated an extra of
















Time of The Day
In-soccer season
Out-of-soccer season
Figure 2. Daily pattern of steps-per-minute for all participants at baseline (in-soccer-season) and
post-intervention (out-of-soccer season).
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3.3. Perceived Parental Support.
We also examined perceived parental support influences on youth’s diet and PA at baseline for all
the participants combined (Table 4). Youth had higher FV intake when parents modeled healthy eating
habits. Youth had lower added sugar intake when parent modeled healthy eating habits, made healthy
foods available at home, and led physically active lifestyles.
Table 4. Correlations between diet and physical activity and youth self-reported parental practice at
























0.23 *** 0.03 −0.11 * −0.02 −0.04
Parents set rules on
what youth eat,
day/week
0.15 ** 0.05 −0.10 0.03 0.02
Parents set rules on
screen time,
day/week
0.20 *** 0.03 −0.02 0.09 0.03
Parents role model
PA, day/week 0.18 *** 0.02 −0.11 * −0.01 −0.01
* Group are significantly different (* p < 0.05; ** p < 0.01; *** p < 0.001). a Youth self-reported the number of days in
a week their parents have above parental practices, positive values indicant positive associations between days of
parental practices and FV/saturated fat/added sugar/averaged daily steps/moderate-to-vigorous PA; negative
value means the opposite.
4. Discussion
This is the first study to report changes in FV, saturated fat, and added sugar intakes, and PA in
HS soccer players over a two-year intervention focused on teaching healthy eating behaviors, sport
nutrition, lifetime PA, and life-skills for sport performance, health and obesity prevention. It is also the
first study to evaluate whether diet and PA differ in HS athletes based on sex, race/ethnicity, social
economic status, or youth self-reported parental practices.
4.1. Diet Assessment
Dietary assessments of FV, saturated fat, and added sugar intakes in HS soccer players are
limited [26–28], and no published study has examined these factors in US Latino youth. The FV
intakes in our participants (males = 2.8 cups/day; females = 2.7 cups/day) was higher than the
mean FV intake reported in the 2013–2014 National Health and Nutrition Survey (NHANES) for
adolescents age 12–18 years (1.9 cups/day) [29], but below the current Dietary Guideline for Americans
(4.5–5 cups/day) (14–18 years) [30]. Three studies have examined differences in FV intake between
youth sport participants and non-sport participants [31–33]. All found that sport participants had
higher FV intake than non-sport participants, but no specific cup equivalents were reported. Others
have examined the FV intake of youth athletes, including swimmers (1.6–2 cups/day) and rugby
players (1.3 cups/day) [34,35], but no comparison group was included. Finally, Parnell et al [36]
compared the FV intake of Canadian youth athletes to the Canadian diet recommendations for teens
and found 40–54% met the FV guidelines of 7–8 servings per day. In contrast, only 13.9% of our
participants met the Dietary Guidelines for Americans for FV intake [30].
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For our participants, the average added sugar intake (males = 53 g/day; females = 44 g/day) was
lower than that reported for 2013–2014 NHANES adolescents (81 g/day; 12–19 years) [29]. These
differences may be due to methods used to assess added sugar intake. We used the Block-FSFV, which
only includes 35 foods, while NHANES uses two 24-h recalls. Added sugar intake in our Latino
soccer players was significantly higher (+14.1 g/day) than non-Latino soccer players. NHANES data
(2003–2004) indicates that the major sources of added sugars of Latino youth were soda (28 g/day),
fruit drinks (17 g/day), grain desserts (10 g/day), and candy (5 g/day) [37]. The high added sugar
consumption in Latino youth has been attributed to acculturation and socioeconomic factors [38].
We, however, did not measure acculturation in our participants, so we cannot determine if acculturation
affects added sugar intake. However, Manore et al. [6] found that Latino soccer players had lower
sports nutrition knowledge (38.8%) compared to non-Latino players (48.4%), which may indicate lower
general nutrition knowledge about added sugar intake.
Youth who self-reported that their parents frequently role modeled healthy eating habits and
physically active lifestyles, and made healthy foods available at home had higher FV consumption,
and lower added sugar intakes. These results support others who report that parental practices are
important in shaping children’s nutrition behavior [39,40]. Ranjit et al. [39] found that increasing
access and availability to healthy foods could increase middle school aged adolescents’ FV intake
and decrease sugar-sweetened beverage intake. Battram et al. [40] also reported that parents were the
primary gatekeepers and role models of children’s sugar beverage consumption. To our knowledge
our research is the first to examine the influence of perceived parental support on FV and added sugar
intake among HS athletes.
4.2. Physical Activity
Cross-sectional research shows that youth who participate in sports have higher MVPA
(60 min/day) than non-sport participants (43 min/day) [41]. Yet, no study has explored the importance
of helping active youth maintain their PA ‘out-of-sport-season’ or during other breaks from their
sport participation. We followed HS soccer players for two years and analyzed their steps/day and
MVPA both in/out-of-soccer season. Our results showed that the PA level in-soccer season met
the 2008 Physical Activity Guidelines for Americans [23], but dropped below recommendations by
1820 steps/day during out-of-soccer season. During soccer season, participants generally have two
games (1.5-h/each) and three/four practices (2-h/each) per week. Wearing a Fitbit is not allowed
during games, but players typically accumulate 3–7 miles/game based on their position [42]. If these
additional steps were added to the in-season steps, PA would be even higher than reported here
and the differences in in-/out-soccer season PA would be even greater. These results confirmed the
importance of school sports in promoting PA and the need to maintain youth’s PA when they are
not engaged in organized sports. Although the WAVE project focused on active youth for obesity
prevention, it is important to acknowledge that all youth need diet and PA life-skills. Thus, HS students
who are not engaged in sports may need a different approach than used in this project to engage them
in daily PA and learning life-skills around diet for obesity prevention.
We found no association between youth PA (steps and MVPA) and youth self-reported parental
practices. Research examining the influence of parental modeling of PA on children’s PA is equivocal,
with some research being supportive [43,44], while others are not [45–47]. These data were all
reported in young children (<12 years). No study has examined this association in active adolescents
(≥14 years).
4.3. Strengths and Limitations
Our study had a number of strengths. First, we had a large sample (n = 388 at baseline; n = 202
completing pre/post assessments) of HS soccer players, with an average of 7.6-year playing experience;
thus, they may be representative of many HS athletes who play at least one HS sport. Second,
we had a diverse sample (58% female; 40% Latino; 40% NSLP participation), which allowed us to
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examine the association between diet and PA and sex, race/ethnicity, and social economic status.
Third, the intervention lasted two years, compared to the 3–12 weeks interventions that are typically
reported in the literature [48–50]. Finally, the WAVE intervention combining traditional face-to-face
lessons and TBWs that included experiential learning that reinforced the lessons and allowed for
practical application.
There were also limitations to this study. First, the Block-FSFV does not include Latino
culturally-appropriate food or sport foods. The Block-FSFV was designed to focus on FV, saturated
fat, and added sugar intake; thus, we could not calculate the percentage of energy from saturated fat
and added sugar to compare to the 2015–2020 Dietary Guidelines for Americans recommendations.
Second, dietary intake could have changed due to the time period (two years) we measured diet
(pre-intervention: fall season 2015; post-intervention: spring season 2017). Typically, fall season is
abundant in fruits and vegetables from the gardens and orchards, while spring is a time for celebration
around graduation. However, there were no significant changes in FV intake across group or over
time. Third, we did not measure the acculturation level, but all participants spoke English. Finally,
the comparison group participants could have removed the duct-tape and monitored their daily steps,
but we did not see differences between groups for steps in-/out-of-soccer season.
5. Conclusions
This is the first study to engage HS soccer players in a two-year obesity prevention program
targeting sport nutrition education and healthy eating behaviors for growth, performance and health,
and emphasizing the importance of daily PA and learning life-skills. Overall, the FV intakes were
maintained over the intervention but were below recommendations, yet higher than those typically
reported in the literature for youth and youth athletes. The intervention significantly decreased added
sugar intake, by lowering the frequency of selecting cake/cookies and ice cream foods. Our lessons
emphasized eating whole grains, FV, and lean protein sources and selecting food with less saturated
fat and added sugar. Incorporating these eating behaviors into their lifestyle could lower added sugar
intake. We found parents who modeled a healthy lifestyle, and made healthy foods available at home,
had adolescents who reported lower added sugar intakes. Thus, parent involvement is important
in shaping the healthy lifestyles of adolescents. Finally, we found PA recommendations were met
during soccer season, but not out-of-season. Thus, it is important to engage active youth throughout
the school year, helping them make daily PA a priority in their lifestyle. Based on our experience,
self-monitoring alone is not enough to promote PA among active youth when they are not engaged in
sport. Future studies should focus on maintaining PA in youth athletes when they are not engaged in
sport, thus, helping them make the transition to being physically active adults.
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/7/947/s1,
Figure S1: Expanded experimental design, Table S1: Sports nutrition lessons.
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Abstract: The development of chronic, low-grade systemic inflammation in the elderly (inflammaging)
has been associated with increased incidence of chronic diseases, geriatric syndromes, and functional
impairments. The aim of this study was to examine differences in habitual physical activity (PA),
dietary intake patterns, and musculoskeletal performance among community-dwelling elderly men
with low and elevated systemic inflammation. Nonsarcopenic older men free of chronic diseases
were grouped as ‘low’ (LSI: n = 17; 68.2 ± 2.6 years; hs-CRP: <1 mg/L) or ‘elevated’ (ESI: n = 17;
68.7 ± 3.0 years; hs-CRP: >1 mg/L) systemic inflammation according to their serum levels of
high-sensitivity CRP (hs-CRP). All participants were assessed for body composition via Dual Emission
X-ray Absorptiometry (DEXA), physical performance using the Short Physical Performance Battery
(SPPB) and handgrip strength, daily PA using accelerometry, and daily macro- and micronutrient
intake. ESI was characterized by a 2-fold greater hs-CRP value than LSI (p < 0.01). The two groups
were comparable in terms of body composition, but LSI displayed higher physical performance
(p < 0.05), daily PA (step count/day and time at moderate-to-vigorous PA (MVPA) were greater
by 30% and 42%, respectively, p < 0.05), and daily intake of the antioxidant vitamins A (6590.7 vs.
4701.8 IU/day, p < 0.05), C (120.0 vs. 77.3 mg/day, p < 0.05), and E (10.0 vs. 7.5 mg/day, p < 0.05)
compared to ESI. Moreover, daily intake of vitamin A was inversely correlated with levels of hs-CRP
(r = −0.39, p = 0.035). These results provide evidence that elderly men characterized by low levels of
systemic inflammation are more physically active, spend more time in MVPA, and receive higher
amounts of antioxidant vitamins compared to those with increased systemic inflammation.
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1. Introduction
Chronic exposure to antigens as well as to chemical, physical, and nutritional stressors that the
immune system has to cope with, in combination with the dramatic increase in life expectancy,
result in the overstimulation of the immune system with advancing age and the development
of a chronic and persistent pro-inflammatory state [1,2]. This age-associated, low-grade, chronic
inflammatory status has been termed as “inflammaging” [1] and is clinically assessed by measuring
systemic concentrations of cytokines and acute-phase proteins, including interleukin-6 (IL-6), tumor
necrosis factor-α (TNF-α), and C-reactive protein (CRP) [3]. Inflammaging represents a significant
risk factor for age-related frailty, morbidity, and mortality [2,4] as many chronic diseases and geriatric
syndromes such as cardiovascular diseases, atherosclerosis, metabolic syndrome, type 2 diabetes
mellitus, neurodegenerative diseases, cancer, and chronic obstructive pulmonary disease have been
associated with chronic inflammation [5–8]. Moreover, increased levels of IL-6, TNF-α, and CRP in the
elderly have been associated with lower muscle mass and physical performance [9–11] as well as with
increased risk for sarcopenia and osteoporosis [12–14]. Thus, the concept of inflammaging appears
to be a key determinant of successful aging and longevity and as such a valuable tool to counteract
age-related pathologies [2].
To date, inflammaging is defined as a complex and multifactorial process whose origin cannot be
simply attributed to a specific number of factors/mechanisms, as a complete understanding of the
extent to which different tissues, organs, and biological systems contribute to its pathophysiology is
lacking [3,15]. However, both physical activity (PA) and nutrition are considered powerful lifestyle
factors that may, cooperatively or independently, influence both healthy aging and lifespan in
humans [16,17]. Specifically, being physically active substantially reduces the risk of developing
cardiovascular [16,17] and metabolic diseases [16,18], obesity [16,19], frailty [16,20,21], sarcopenia [22],
osteoporosis [17,23], cognitive impairment [24], and mental health disorders [17,25] in a dose-response
manner [26,27]. Numerous studies reported that higher volume of habitual PA is related to lower
levels of IL-6, CRP, and TNF-α in older adults [28–40]. Most of these studies, though, are based on
self-reported PA estimations [28–33,36,37,40] that may result in increased risk of recall bias [41] and
therefore do not provide an objective determination of different intensity levels (i.e., light, moderate,
vigorous, or very vigorous PA). However, to our knowledge, four studies have utilized accelerometry
to provide an objective assessment of PA [34,35,38,39]. In two of them, an inverse relationship between
PA and disease-related (chronic obstructive pulmonary disease and obesity) systemic inflammation
was revealed in middle-aged adults [34,35]. Similarly, two other studies reported that time spent in
MVPA is negatively associated with markers of systemic inflammation in the healthy elderly [38,39].
Although these data clearly suggest that habitual PA is inversely associated with mediators of systemic
inflammation in older adults, a direct comparison of objectively assessed PA, sedentary time, and
PA-related energy expenditure among the elderly with low and increased systemic inflammation is
still lacking.
Ideally, this comparison would be more conclusive by the concurrent examination of habitual
PA/inactivity and dietary intake levels, since both factors may impact systemic inflammation. In fact,
available data suggest that the role of nutrition and dietary pattern is pivotal for immune function and
low-grade systemic inflammation [42–44]. Both macronutrient and micronutrient intake may interfere
with immune responses, triggering either a pro-inflammatory or an anti-inflammatory effect [45].
Excessive consumption of glucose and saturated fatty acids (SFA) (particularly long-chain SFA) are
reported to activate pro-inflammatory markers in insulin-sensitive tissues [45,46] and may result in
systemic inflammation [15], while high phospholipid consumption, especially that of polyunsaturated
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fatty acids (PUFA) and monounsaturated fatty acids (MUFA), elicit antiinflammatory properties and
reduce the risk of chronic inflammation and its associated chronic diseases [47]. On the other hand,
consumption of either plant- or dairy-based protein or amino acids may offer antiinflammatory effects
by reducing levels of inflammatory mediators [45,48]. Furthermore, adequate intake of antioxidants
and trace elements, particularly vitamins A, C, E, and selenium, also enhances immunity and elicits
a protective effect against chronic inflammatory conditions [44]. However, to our knowledge, the
literature lacks evidence regarding differences in dietary habits among older healthy adults with low
and high systemic inflammation.
Given the pivotal role of both PA and macronutrient/micronutrient intake in mediating immunity
and chronic inflammatory responses, a direct comparison of them among older adults exhibiting low
and elevated systemic inflammation may identify which parameters of these lifestyle factors function
as discriminants of healthy aging and inflammaging. Therefore, the aim of the present study was to
compare levels of objectively assessed habitual PA and dietary macronutrient/micronutrient intake,
among otherwise healthy elderly men of low and increased systemic inflammation.
2. Materials and Methods
2.1. Experimental Design and Participants
A total of fifty community-dwelling elderly men aged 65–75 years were recruited from the
surrounding area of Thessaly (Greece) through postings, newspaper, and media advertisements. All
volunteers completed a health history questionnaire and were also examined by a physician. In order
to be included in the study, volunteers had to initially meet all of the following inclusion/exclusion
criteria: (a) nonsmokers; (b) independently living; (c) absence of chronic disease (i.e., cancer, metabolic,
cardiovascular, neurological, pulmonary, or kidney disease); (d) absence of inflammatory disease (i.e.,
osteoarthritis, rheumatoid arthritis); (e) absence of type 2 diabetes, and (f) no recent or current use of
antibiotics or other medication that could affect inflammatory status (i.e., corticosteroids). Subsequently,
those who fulfilled these criteria underwent assessment of body height, body weight, body composition,
handgrip strength, and physical performance (via the SPPB) testing to estimate their weight status
and stage of sarcopenia according to the European Working Group on Sarcopenia in Older People
(EWGSOP) [49]. Volunteers who were characterized as presarcopenic/sarcopenic were excluded from
the study at this stage, since substantial loss of skeletal muscle mass is accompanied by significant
performance decline [49], resulting in lower levels of habitual PA [50]. Volunteers who were classified
as obese were also excluded since obesity is linked to metaflammation, an adipose-tissue-mediated
chronic inflammatory state that differs in terms of pathophysiology from inflammaging [5,15].
Accordingly, thirty-four volunteers who fulfilled the eligibility criteria participated in the study. The
determination of inflammatory status was based on two consecutive measurements of high-sensitivity
CRP (hs-CRP) and participants were grouped as “low systemic inflammation” (LSI: hs-CRP < 1 mg/L)
or “elevated systemic inflammation” (ESI: hs-CRP > 1 mg/L) according to a previous report [51].
Participants were then provided with accelerometers and food diaries to monitor their habitual PA
and daily macronutrient/micronutrient intake, respectively, over a 7-day period. They were fully
informed about the aim and the experimental procedures of the study, as well as about the benefits
involved, before obtaining written consent. The Institutional Review Board of the University of
Thessaly approved the study and all procedures were in accordance with the 1975 Declaration of
Helsinki (as revised in 2000).
2.2. Body Composition
Standing body mass and height were measured on a beam balance with stadiometer (Beam
Balance-Stadiometer, SECA, Vogel & Halke, Hamburg, Germany) with participants wearing light
clothing and no shoes as described previously [52]. Body composition [including fat mass, fat-free mass
(FFM), percent of fat, lean body mass (LBM)] was assessed by dual emission X-ray absorptiometry
166
Nutrients 2018, 10, 566
(DXA, GE Healthcare, Lunar DPX NT, Diegem, Belgium) with participants in supine position as
described before [53]. Appendicular lean mass (ALM) and skeletal muscle mass index (SMI) were
calculated as the sum of muscle mass (kg) of the four limbs (based on DXA scan) and as ALM divided
by height by meters squared (kg/m2), respectively [49], while sarcopenia status was determined
according to the criteria established by EWGSOP [49].
2.3. Physical Activity
Physical activity was monitored by using the accelerometers ActiGraph, GT3X+ (ActiGraph,
Pensacola, FL, USA) over a 7-day period. Accelerometers were attached to elastic, adjustable belts and
did not provide any feedback to the participants. Participants were taught how to wear the belt around
the waist with the monitor placed on the right hip and they were asked to wear it throughout the day,
except for bathing or swimming and sleep, for seven consecutive days. To be included in the analysis,
participants had to have ≥four days with ≥10 wear hours/day (i.e., four valid days) [54]. Nonwear
time was calculated using the algorithms developed by Choi et al. [55] for vector magnitude (VM)
data and defined as periods of 90 consecutive minutes of zero counts per minute (cpm), including
intervals with nonzero cpm that lasted up to 2 min and were followed by 30 consecutive minutes of
zero cpm. Daily activity and sedentary time were estimated according to VM data and expressed
as steps/day and time in sedentary (<199 cpm), light (200–2689 cpm), moderate (2690–6166 cpm),
vigorous (6167–9642 cpm), and moderate-to-vigorous (≥2690 cpm) PA [56]. The manufacturer software
ActiLife 6 was utilized to initialize accelerometers and download data using 60-s epoch length.
2.4. Dietary Assessment
Participants were taught by a registered dietitian how to estimate food servings and sizes of
different food sources and how to complete food diaries. They were allowed to weigh out food servings,
so that they could precisely report the amount of specific food portions, while they were also provided
with colored photographs depicting different portion sizes that they could use to compare their food
weights. Furthermore, complete instructions on how to describe portion sizes based on household
measures or other standard units were also administered to our participants. Participants recorded
their daily dietary intake for seven consecutive days, describing, in as much detail as possible all
portions of food and drinks/water. For commercially available products, the name of the manufacturer,
fat content (i.e., 1%. 2%, etc.), and other related information had to be noted. The Science Fit Diet 200
A (Science Technologies, Athens, Greece) dietary software was utilized to analyze diet recalls and
data regarding total energy (kJ), protein (g/kg/day & g/day), leucine (g/day), branched chain amino
acids (BCAA, g/day), carbohydrates (g/day), fat (g/day), vitamin A (IU/day), vitamin C (mg/day),
vitamin E (mg/day), selenium (μg/day), polyunsaturated fatty acids (PUFA), and monounsaturated
fatty acids (MUFA).
2.5. Systemic Inflammation
Blood samples were collected early in the morning between 07:00 and 09:00 am, after an overnight
fasting. Participants were asked to avoid alcohol and abstain from intense physical activity for ≥48 h
before blood sampling. Blood was drawn from an antecubital arm vein via a 10-gauge disposable
needle equipped with a Vacutainer tube holder (Becton Dickinson) with participants seated. To separate
serum, blood samples were allowed to clot at room temperature and then centrifuged (15,000× g,
15 min, 4 ◦C). The supernatant was dispensed in multiple aliquots (into Eppendorf tubes) and stored
at −80 ◦C for later analysis of hs-CRP. Serum hs-CRP was quantitatively measured in duplicate using
the C-Reactive Protein (Latex) High Sensitivity assay (CRP LX High Sensitive, Cobas®) on a Cobas
Integra® 400 plus analyzer (Roche) with a detectable limit of 0.01 mg/dL and an inter-assay coefficient
of one standard deviation (1 SD).
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2.6. Statistical Analyses
All data are presented as means ± SD. The normality of data was examined using the
Shapiro–Wilk test (n = 17/group). Because our data sets in most of our variables differed
significantly from normal distribution, we rejected the hypothesis of normality and applied
nonparametric tests. To test differences in body composition, daily PA-related parameters, and
dietary macronutrient/micronutrient intake among the two groups (LSI vs. HSI) a Kruskal–Wallis test
was applied. Pearson’s correlation analysis was used to examine the relation of dietary antioxidant
vitamins intake, number of steps, and time in MVPA per day with serum levels of hs-CRP. Correlation
coefficients of r < 0.2, 0.2 < r < 0.7 and r > 0.7 were defined as small, moderate, and high, respectively.
Effect sizes (ES) and confidence intervals (CI) were also calculated for all dependent variables using
the Hedge’s g method corrected for bias. ES was interpreted as none, small, medium-sized, and large
for values 0.00–0.19, 0.20–0.49, 0.50–0.79, and ≥0.8, respectively. The level of statistical significance was
set at p < 0.05. Statistical analyses were performed using the SPSS 20.0 software (IBM SPSS Statistics).
The G * Power program (G * Power 3.0.10) was utilized to perform power analysis. With our sample
size of 17/group we obtained a statistical power greater than 0.80 at an α error of 0.05.
3. Results
Participants’ characteristics are presented in Table 1. Participants were healthy and had no
pathological levels of hs-CRP. The two groups, though, differed significantly in respect to hs-CRP
values (ESI: 2.1 ± 0.8 vs. LSI: 0.7 ± 0.2 mg/dL, p = 0.00), with ESI displaying a 2-fold elevation in
serum hs-CRP compared to LSI. Averaged BMI values in LSI and ESI were 27.3 ± 3.1 kg/m2 and
27.9 ± 2.5 kg/m2, respectively, which classifies them as nonobese according to the criteria established
by the World Health Organization (WHO) [57]. Moreover, all participants were characterized as
nonsarcopenic, since they exhibited SMI > 7.26 kg/m2, handgrip strength > 30 kg, and physical
performance score in SPPB > 8. No differences were detected in respect to BMI, fat mass, percent of
fat, FFM, LBM, ALM, SMI, and handgrip strength among groups. However, significant differences
were observed in physical performance, with LSI achieving a higher SPPB score compared to ESI (LSI:
11.9 ± 0.2 vs. ESI: 11.2 ± 1.0; χ2 = 6.436, p = 0.016; ES = 0.90; 95% CI = −1.63, −0.17).
Table 1. Participants’ characteristics.
Parameter LSI (n = 17) ESI (n = 17)
Age (years) 68.2 ± 2.6 68.7 ± 3.0
Body Height (m) 1.71 ± 0.07 1.73 ± 0.04
Body Weight (kg) 82.3 ± 8.5 85.2 ± 7.5
BMI (kg/m2) 27.3 ± 3.1 27.9 ± 2.5
Fat Mass (kg) 24.1 ± 7.0 26.3 ± 4.1
Fat (%) 29.5 ± 6.6 31.8 ± 2.1
Fat-Free Mass (kg) 56.3 ± 4.6 58.4 ± 5.2
Lean Body Mass (kg) 53.3 ± 4.5 55.3 ± 5.1
ALM (kg) 23.2 ± 2.4 24.4 ± 2.1
SMI (kg/m2) 8.12 ± 0.7 8.13 ± 0.6
Grip Strength (kg) 34.3 ± 5.5 36.7 ± 6.6
SPPB (score) 11.9 ± 0.2 11.2 ± 1.0 1
Sarcopenia Status Non-Sarcopenic Non-Sarcopenic
hs-CRP (mg/L) 0.7 ± 0.2 2.1 ± 0.8 2
Data are presented as mean ± SD. ALM: Appendicular Lean Mass; SMI: Skeletal Muscle Mass Index; SPPB: Short
Physical Performance Battery; hs-CRP: High-Sensitivity CRP. 1 significant difference between groups, p < 0.05,
2 significant difference between groups, p < 0.01.
Results comparing sedentary time and PA among groups are shown in Figure 1. The two groups
were comparable in sedentary time throughout the day (LSI: 378.2 ± 98.7 vs. ESI: 370.5 ± 95.9 min/day;
χ2 = 0.008, p = 0.927) and in the time they spent in light PA/day (LSI: 342.9 ± 93.1 vs. ESI: 331.7
± 98.2 min/day; χ2 = 0.357, p = 0.550), while a trend for significantly more time spent in moderate
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PA/day by the LSI group was also observed (LSI: 59.5 ± 16.7 vs. ESI: 44.1 ± 18.2 min/day; χ2 = 3.637,
p = 0.057). Interpretation of the level of moderate PA by group means examined in relation to the
PA guidelines adopted by the WHO revealed that both groups met the recommendation for at least
150 min of moderate-intensity PA throughout the week.
Figure 1. (A) Sedentary time, (B) time spent in light, (C) moderate, (D) vigorous, (E) moderate-to-vigorous
(MVPA) PA, and (F) total step count throughout the day, in low (LSI) and elevated (ESI) systemic
inflammation groups. Values are presented as mean ± SD. * denotes significant difference between
groups at p < 0.05.
By performing an individual examination in both groups, we found that all participants in LSI and
approximately 86% of participants in ESI met this criterion. Significant differences between LSI and
ESI were observed in MVPA and daily step count, with LSI spending more time in MVPA throughout
the day (LSI: 65.2 ± 21.5 vs. ESI: 45.9 ± 19.8 min/day; χ2 = 3.997, p = 0.044; ES = 0.91; 95% CI = −1.68,
−0.13) and performing more steps (LSI: 9000.1 ± 2496 vs. ESI: 6968.3 ± 2075 steps/day; χ2 = 4.087,
p = 0.043; ES = 0.86; 95% CI = −1.63, −0.08) than ESI, by 42% and 30%, respectively. The average
step count/day for LSI was 9000.1 steps, which is close to the upper recommended limit for older
adults (7100–10,000 steps/day) [58] while the ESI did not meet these recommendations, performing
6968.3 steps/day. Almost 86% of participants in the LSI group performed >7100 steps daily while
slightly more than half (53%) of participants in the ESI group did so. A longitudinal analysis combining
both groups revealed a trend for an inverse correlation between hs-CRP level and daily step count
169
Nutrients 2018, 10, 566
(r = −0.37, p = 0.055). Time in vigorous PA/day did not differ among groups (LSI: 5.3 ± 6.9 vs.
ESI: 1.0 ± 2.6 min/day; χ2 = 2.315, p = 0.128), probably because of a high interindividual variability.
Moreover, the two groups demonstrated similar PA-related energy expenditure throughout the day,
as no differences observed in terms of kJ/day (LSI: 2554.3 ± 1033.5 vs. ESI: 2654.3 ± 1041.8 kJ/day,
p = 0.798) and METs/day (LSI: 1.28 ± 0.1 vs. ESI: 1.23 ± 0.1 METs/day, p = 0.203) (Figure 2).
Figure 2. Daily PA-related energy expenditure expressed as (A) kJ and (B) METs in low (LSI) and
elevated (ESI) systemic inflammation groups. Values are presented as mean ± SD.
LSI and ESI demonstrated similar total energy and macronutrient intake throughout the day
(Table 2). The two groups had a daily energy intake of 6949.6–6794.8 kJ, constituted by 15–16% protein,
38% carbohydrate, and 42% fat. The mean protein intake in both groups was 0.8 g/kg body weight/day,
which represents the recommended daily allowance (RDA) that meets 97.5% of the population [59].
However, approximately 46% of participants in both groups had a daily protein intake of 0.5–0.7 g/kg
body weight/day. Separate analysis in leucine and BCAA intake revealed that both LSI and ESI
received 0.6 g of leucine/kg body weight/day and 0.13–0.14 g of BCAAs/kg body weight/day, which
meets the current recommendations for amino acid intake in adults [59]. The two groups, though,
differed significantly in respect to daily antioxidant vitamin intake, with the LSI group receiving higher
amounts of vitamin A (LSI: 6590.7 ± 2219 vs. ESI: 4701.8 ± 1552.6 IU/day; χ2 = 5.616, p = 0.018;
ES = 0.95; 95% CI = 1.72, 0.18), vitamin C (LSI: 120.0 ± 55.5 vs. ESI: 77.3 ± 39.1 mg/day; χ2 = 5.421,
p = 0.020; ES = 0.87; 95% CI = 1.63, 0.11), and vitamin E (LSI: 10.0 ± 2.9 vs. ESI: 7.5 ± 3.0 mg/day;
χ2 = 4.496, p = 0.034; ES = 0.75; 95% CI = 1.50, 0.01) than ESI, by 37%, 59%, and 33%, respectively.
Moreover, by performing a longitudinal analysis of both groups we observed that daily vitamin A
intake was inversely correlated with levels of hs-CRP (r = −0.39, p = 0.035) (Figure 3). On the contrary,
daily intake of selenium (LSI: 93.2 ± 29.8 vs. ESI: 96.1 ± 29.7 μg/day, p = 0.793), PUFA (LSI: 10.1 ± 2.4
vs. ESI: 8.9 ± 2.6 g/day, p = 0.215), and MUFA (LSI: 43.7 ± 10.8 vs. ESI: 37.9 ± 10.9 g/day, p = 0.168)
was comparable in the two groups.
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Table 2. Dietary macronutrient and micronutrient intake in LSI and ESI groups.
Parameter LSI (n = 17) ESI (n = 17) p Value χ2
Total Energy (kJ/day) 6952.9 ± 1241.8 6797.8 ± 1136.8 0.771 0.085
Protein
g/day 63.8 ± 20.3 66.9 ± 14.6 0.183 1.770
g/kg BM/day 0.8 ± 0.3 0.8 ± 0.2 0.817 0.054
% of total calories 15 ± 2.7 16 ± 3.0
Leucine (g/day) 4.89 ± 1.7 5.13 ± 1.2 0.430 0.624
BCAAs (g/day) 11.38 ± 3.6 11.53 ± 2.4 0.533 0.389
Carbohydrates
g/day 156.2 ± 37.6 154.9 ± 52.7 0.901 0.016
% of total calories 37.7 ± 6.9 37.5 ± 8.4
Fat
g/day 79.3 ± 12.5 73.7 ± 17.0 0.318 0.996
% of total calories 42.0 ± 4.0 41.7 ± 7.1
PUFA (g/day) 10.1 ± 2.4 8.9 ± 2.6 0.275 1.191
MUFA (g/day) 43.7 ± 10.8 37.9 ± 10.9 0.359 0.840
Vitamin A (IU/day) 6590.7 ± 2219.6 4701.8 ± 1552.6 1 0.018 5.616
Vitamin C (mg/day) 120.0 ± 55.5 77.3 ± 39.1 1 0.020 5.421
Vitamin E (mg/day) 10.0 ± 2.9 7.5 ± 3.0 1 0.034 4.496
Selenium (μg/day) 93.2 ± 29.8 96.1 ± 29.7 0.589 0.292
Data are presented as mean ± SD. BM: Body mass; BCAA: Branched chain amino acids; PUFA: Polyunsaturated
fatty acids; MUFA: Monounsaturated fatty acids. 1 Significant difference between groups.
Figure 3. The relationship between serum hs-CRP level and daily dietary intake of Vitamin A.
4. Discussion
The present study is the first, to our knowledge, to compare the levels of habitual PA, sedentary
time, and dietary intake between healthy elderly men with low and elevated low-grade systemic
inflammation (inflammaging). Our findings suggest that older adults characterized by low levels of
systemic inflammation perform more steps and spent more time in MVPA throughout the day and
they receive higher amounts of dietary antioxidant vitamins (i.e., vitamins A, C, and E) on a daily basis
compared to their counterparts with elevated systemic inflammation.
Participants were categorized as having either “low” or “elevated” low-grade systemic
inflammation according to their serum levels of hs-CRP. This acute-phase protein is considered a
valid and informative marker of inflammaging [60] and has been previously used as a single marker to
identify levels of systemic inflammation in older adults [51]. The term inflammaging, first introduced
by Franceschi and his colleagues [1], refers to the development of a chronic, low-grade inflammation
phenotype with advancing age. However, the presence of obesity, either in young or older individuals,
results in elevated systemic inflammation, which has been defined as metaflammation (metabolic
inflammation) and is primarily mediated by the adipose tissue [5]. Although the underpinning
171
Nutrients 2018, 10, 566
mechanisms of inflammaging and metaflammation may be different, these two chronic inflammatory
conditions may overlap [15]. Therefore, in an attempt to focus on inflammaging in this study, we
included only nonobese elderly men (according to WHO criteria). Moreover, LSI and ESI groups
were very homogeneous in terms of body composition, since they did not differ in body weight, fat
mass, percent of fat, FFM, and LBM. All participants were also nonsarcopenic according to the criteria
established by the EWGSOP [49], since the existence of sarcopenia could act as a covariate in our
investigation, interfering with their ability to habitually perform PA [50].
Previous cross-sectional studies have investigated the association between habitual PA and
inflammatory biomarkers in middle-aged and older adults [28–31,33–40]. However, only two
utilized accelerometry to quantify not only the quantity but also the quality (intensity) of habitual
PA in the otherwise healthy elderly with physiological and elevated chronic, low-grade systemic
inflammation [38,39]. This study attempted to extend the current literature by providing insights
concerning the differences in PA and dietary intake profile among elderly men with low and
elevated low-grade systemic inflammation. The use of accelerometry to objectively assess the
quantity and intensity of habitual PA is a strength of our study, as most of the previously cited
studies [28–31,33,36,37,40] are based on questionnaires, self-reports, or interviews. The use of
accelerometers over a 7-day period to assess PA and sedentary time has been reported to be a valid
and reproducible methodological approach in the elderly [61].
Although sedentary time and time spent in light- and moderate-intensity activities throughout
the day were similar between LSI and ESI, we noted that overall the LSI group performed more
steps and spent more time in MVPA on a daily basis. This suggests that not only the volume of
habitual PA but also the intensity in which daily physical activities are performed may interfere
with the development of chronic, low-grade systemic inflammation in older individuals. Our
findings further build on previous reports that higher volume of habitual PA is associated with
lower levels of pro-inflammatory mediators in healthy elderly individuals [29,33,36] and COPD
patients [34]. Moreover, this inverse association between PA and inflammation is suggested to
be dose-dependent, so that the more physically active an individual is, the lower the chronic
inflammatory milieu [29,31,40]. Although only a trend (r = −0.37, p = 0.055) for an inverse correlation
between hs-CRP level and daily step number was observed in our study, possibly because of an
interindividual variability in daily step counts of our participants (we used accelerometers whereas
questionnaires were utilized by others), these findings collectively suggest that habitual PA may
be associated with inflammaging in an inverse, dose-response pattern. Furthermore, it has been
recently reported that the impact of PA on chronic low-grade inflammation is not only dose-dependent
but also intensity-dependent, as moderate-to-vigorous activities induce greater improvements in
the inflammatory profile of older adults while light- or moderate-intensity physical activities are
accompanied by no changes in inflammatory mediators [62]. Indeed, Wahlin-Larsson et al. [39]
found that in recreationally active elderly women, the time spent in MVPA is inversely associated
with serum levels of CRP, a finding also reported in younger individuals [63]. The mechanism/s
through which PA reduces or prevents low-grade systemic inflammation in the elderly remains to
be elucidated. Observational, cross-sectional studies are not designed to identify the mechanisms
that underline the effects of systematic PA on chronic inflammation and as such, more intervention
studies are needed [41,62]. Based on the fact that inflammaging is tightly regulated by the balance
between pro- and anti-inflammatory mediators [64], a possible mechanism could be that PA, and
especially MVPA, suppresses the production of pro-inflammatory cytokines and molecules that trigger
the inflammatory milieu, and enhances the production of anti-inflammatory mediators [41,62,65].
Moreover, the process of inflammaging may be further affected by the age-associated increase in the
production of reactive oxygen and nitrogen species (RONS) that lead to redox balance disturbances and
subsequent activation of the redox-sensitive NF-κB signaling pathway that stimulates the expression of
numerous pro-inflammatory mediators such as TNF-α, IL-6, IL-1β, and CRP [48,66]. As such, a vicious
cycle of RONS and pro-inflammatory molecule production is propagated, driving a chronic systemic
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pro-inflammatory phenotype [48,67]. Regular participation in moderate-to-vigorous intensity exercise
has been shown to attenuate both basal and exercise-induced levels of oxidative damage, enhance the
antioxidant capacity, and improve the DNA repair machinery in healthy, elderly individuals [68,69].
Thus, it can be proposed that systematic MVPA may prevent the development of inflammaging by
lowering the production of RONS and levels of oxidative damage in the elderly.
LSI and ESI also differed significantly in terms of physical performance. More specifically, LSI
exhibited higher performance in the SPPB test compared to ESI and this observation is in line with
previous findings reporting that older adults with elevated systemic inflammation demonstrate lower
physical performance [70,71]. Although the underlying mechanism leading from chronic inflammation
to functional decline has not been clarified yet, it has been reported that systemic inflammation
may impact physical performance by decreasing skeletal muscle mass [14,48]. However, in this
study, the two groups demonstrated similar LBM, ALM, and SMI, indicating that the observed
difference in physical performance was not muscle-mass-dependent. A previous report, though,
by Wahlin-Larsson and colleagues [39] provided evidence that increased systemic inflammation
influences muscle regeneration by decreasing the proliferation rate of myoblasts. In addition, increased
inflammation and cytokine production may also reduce the quiescent satellite cells pool and attenuate
their differentiation capacity [14]. Therefore, it can be assumed that elevated systemic inflammation
may contribute to physical performance deterioration by attenuating the regeneration potential of the
aged skeletal muscle.
We also utilized 7-day recalls to perform a thorough screening of the dietary intake in the LSI and
ESI groups, focusing on macronutrients and micronutrients that have been shown to elicit either a pro-
or an anti-inflammatory effect, and could be therefore characterized as ‘key modifiers’ in the process
of inflammaging. LSI and ESI demonstrated similar energy and macronutrient intake, consuming
6794.8–6949.6 kJ/day composed of 15–16% protein, 38% carbohydrates, and 42% fat. Our group
recently conducted a literature review suggesting that protein intake, especially that of whey protein
and soy or isoflavone-enriched soy protein, may indirectly offer antioxidative and anti-inflammatory
benefits beyond its ability to stimulate skeletal muscle protein synthesis [48]. Also, Zhou et al. [72]
performed a meta-analysis on the effects of whey protein supplementation on levels of CRP, concluding
that increased whey protein intake may induce favorable effects on individuals with elevated baseline
CRP levels. However, in this study, we noted that daily protein intake was similar between LSI and
ESI, with both groups receiving on average ~0.8 g/kg BM/day, which is in line with WHO RDA for
protein [59]. BCAA and leucine intake were also compared among groups to provide a qualitative
determination of daily protein intake. Although leucine is classified as a BCAA, we decided to present
it separately because its role may differ from that of the other BCAAs, especially in the elderly where
a higher amount of leucine should be consumed through diet to efficiently stimulate muscle protein
synthesis and preserve muscle loss [73,74]. In our present work, we observed that LSI and ESI had a
similar daily intake of BCAAs and leucine, meeting the recommendations for amino acid intake in
adults [59]. Daily carbohydrate intake was also similar among groups (154–156 g/day), indicating
that it does not play a prominent role in the development of inflammaging. Previous reports have
noted that only increased consumption of high glycemic index carbohydrates may be associated with
increased levels of inflammation [75]. Unfortunately, the determination of glycemic index and glycemic
load in our participants’ daily diets was not feasible.
Similarly, no differences were observed in total fat consumption among groups, with LSI and
ESI receiving 79 and 74 g/day, respectively, which corresponds in both groups to 42% of daily
energy intake. Although previous reports have indicated that increased fat consumption is associated
with elevated systemic markers of inflammation [75,76], this was not the case here. High fat diets,
and primarily SFA, have been reported to induce substantial alterations in the gut microbial flora
(i.e., increases gut mucosa permeability, epithelial brier disruption) that result in enhanced translocation
of lipolysaccharide (LPS) in the circulation, thus promoting the development of low-grade systemic
inflammation [76,77]. However, it should be highlighted here that not all SFA demonstrate equal
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properties and consumption of specific SFA (i.e., C14:0, C15:0, C17:0, CLA, and trans-palmitoleic) has
been associated with positive effects on cardiovascular health [78]. On the other hand, increased intake
of MUFA and/or PUFA has been proposed to counteract the pro-inflammatory cascade by reducing
the translocation of LPS in the circulation [76] and suppressing the eicosanoid and PAF inflammatory
pathways [47]. Indeed, many studies have revealed an inverse association between higher intake of
dietary PUFA and/or MUFA and levels of pro-inflammatory mediators such as hs-CRP and IL-6 [75].
In this study, although no statistically meaningful differences were observed in dietary MUFA and
PUFA intake between groups, LSI displayed a higher intake of MUFA and PUFA, by 15% and 13.5%,
respectively, compared to ESI.
Interestingly, we noted significant differences between LSI and ESI in terms of antioxidant vitamin
intake. More specifically, daily dietary intake of vitamins A, C, and E in LSI was higher by 37%, 59%,
and 33%, respectively, as compared to ESI. These vitamins play a major role in immune function,
so that adequate intake enhances innate, cell-mediated, and humoral antibody immunity while
deficiency promotes the opposite effects [44,79]. With aging, the production of reactive oxygen and
nitrogen species and that of pro-inflammatory cytokines rises significantly, propagating a vicious cycle
of oxidative stress and inflammation that promotes a chronic low-grade inflammatory state [48,67].
Vitamin A has been shown to promote a T-helper type 2 immune response by reducing the expression of
pro-inflammatory cytokines (i.e., interferon-γ, TNF-α and IL-12) and adipocytokines (i.e., leptin) [44,79]
while it may also inhibit the activation of the redox-sensitive nuclear factor-kappa B (NF-κB) [44,79],
a principal mediator of the bidirectional interaction between oxidative stress and inflammation [48].
Moreover, the pivotal role of vitamin A in chronic inflammation is further supported by the fact that a
deficit in vitamin A intake is associated with a pronounced pro-inflammatory state and inability to
cope with pathogens, as well as with reduced phagocytic capacity of macrophages [44]. Vitamin C
also reduces the production of pro-inflammatory cytokines through inhibition of the transcription
factor NF-κB [44]. The anti-inflammatory effect of this micronutrient is further supported by a
previous investigation where vitamin C intake was inversely associated with levels of CRP and
tissue plasminogen activator (t-PA) antigen in elderly men [80]. Furthermore, vitamin C acts as a
potent antioxidant, protecting cells from ROS-mediated oxidative damage, while it may also boost
the synthesis of other antioxidants such as vitamin E [44]. Likewise, vitamin E is able to confer
protection against oxidative stress by increasing the concentration of endogenous antioxidant enzymes,
such as SOD, CAT, and GPX, and it also prevents oxidative damage in the cell membrane [44,81].
Evidence based on human studies indicates that vitamin E supplementation in older adults improves
immune function [44] and is associated with a lower concentration of pro-inflammatory mediators [82].
Collectively, these data corroborate the higher antioxidant vitamin intake observed in LSI in the
present study, indicating that vitamins A, C, and E may contribute to the control of low-grade systemic
inflammation in the elderly. By contrast, no differences were observed in selenium intake between
LSI and ESI, although selenium is also considered a micronutrient that may efficiently influence both
innate and acquired immune function and may enhance the antioxidative defense system [44].
5. Conclusions
We found that elderly men with low levels of systemic inflammation are characterized by higher
quality and quantity of habitual PA and ingested higher amounts of antioxidant vitamins A, C, and E
through normal diet when compared to those with increased systemic inflammation. To the best of
our knowledge, this is the first study to directly compare elderly men of low and increased low-grade
systemic inflammation in respect to habitual PA and dietary profile. PA and antioxidant vitamin intake
appear to be discriminant factors of inflammaging and healthy aging. Future research should further
explore the cause and effect as well as the dose-response relationship between PA and/or antioxidant
vitamins and inflammaging.
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Abstract: As the world demographic structure is getting older, highlighting strategies to counteract
age-related diseases is a major public health concern. Telomeres are nucleoprotein structures
that serve as guardians of genome stability by ensuring protection against both cell death and
senescence. A hallmark of biological aging, telomere health is determined throughout the lifespan
by a combination of both genetic and non-genetic influences. This review summarizes data from
recently published studies looking at the effect of lifestyle variables such as nutrition and physical
activity on telomere dynamics.
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1. Introduction
The proportion of the world population aged 60 years and over is increasing rapidly and is
projected to rise above 20% in 2050, which will exceed the number of children in the world [1,2]. Indeed,
most countries are seeing their demographic structure getting older. The aging of the population
has major implications socially and economically as aging is characterized by a progressive loss of
physiological integrity, leading to impaired function and autonomy [3]. This functional decline is
the greatest risk factor for conditions that limit health span, i.e., quality of life at old age, and for the
majority of chronic diseases such as type 2 diabetes, Alzheimer’s disease, and various cancers [4,5].
Notably, senescence has become the greatest risk factor for death in developed countries [6]. With the
increasing longevity, the maintenance of health and autonomy at old age becomes crucial. Today more
than ever, highlighting strategies to counteract age-related disorders is a major public health concern.
Geroscience is an area that aims to explain the biological mechanisms of aging. Aging research
has experienced an unprecedented advance over recent years, particularly with the discovery
that the rate of aging is controlled, at least to some extent, by genetic pathways and biochemical
processes conserved in evolution such as genomic instability, telomere attrition, epigenetic alterations,
loss of proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence,
stem cell exhaustion, and altered intercellular communication [3]. Recent findings have revealed the
importance of the regulation of telomere length and integrity during the aging process [7], as well
as potential interventions to improve the health span such as physical activity and healthy diet [8].
Telomere attrition is associated with decreased life expectancy and increased risk of chronic disease [9]
and has been described as one of the most important biological hallmarks of aging due to a key role in
cellular senescence [3]. During the past decade, telomeres have evolved from a simple capsule hiding
the ends of chromosomes to complex nucleoprotein structures with an active role in the protection of
the genome and in the regulation of cellular senescence [10,11]. While previous reviews specifically
focused on the regulation of telomere length by either nutrition [12] or exercise [13,14], the present
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review will give a broader view looking at the impact of lifestyle variables on human telomere
dynamics with emphasis on diet and physical activity.
2. Telomeres
Mammalian telomeres consist of repetitive DNA G- and C-rich sequences
(5′-TTAGGG-3′/3′-CCCTAA-5′) with the 3′ end of the G-strand extending beyond the 5′ end [15].
The double-stranded telomeric DNA is bound by the six-subunit shelterin complex: telomeric repeat
factor 1 (TRF1), telomere repeat factor 2 (TRF2) and protection of telomere 1 (POT1) directly recognize
TTAGGG repeats and they are interconnected with TRF1- and TRF2-interacting nuclear protein 2
(TIN2), POT1 and TIN2-interacting protein (TPP1) and repressor/activator protein 1 (RAP1) [16].
The Shelterin complex facilitates the formation of a lariat-like structure with a T- and a D-loop,
allowing the telomere end to be hidden (Figure 1). This conformation represses the DNA damage
response (DDR) at telomeres, thereby preventing the activation of the ataxia telangectasia mutated
(ATM) and RAD3-related (ATR) kinases that induce cell cycle arrest in response to DNA double-strand
breaks and other types of DNA damage [10,17].
Figure 1. Telomeric DNA with the Shelterin complex facilitating the formation of D- and T-loop.
Many types of human cells lack telomerase, the enzyme responsible for telomere synthesis
by adding nucleotides to the chromosome ends [18]. Telomerase consists of two core components;
the catalytic subunit, telomerase reverse transcriptase (TERT) [19] and a RNA template (TERC) [20].
Hence, because of the “end-replication problem”, i.e., DNA polymerase incapacity to maintain
telomere length during cell divisions, somatic cells display gradual telomere shortening with age [21].
Critical loss of telomeric DNA or unprotected telomeres leads to insufficient chromosomes end
protection and to the activation of the DNA damage response [17]. Damage at telomeres can also
happen independently of cell division, notably in response to the accumulation of oxidative lesions,
smoking behavior, or obesity [22]. While telomere shortening is considered as a protection against
tumor development, loss of telomere function induces cellular senescence and impairs tissue turnover
181
Nutrients 2018, 10, 1942
leading to the aging of the whole organism. The process of telomere attrition is not constant and differs
between people [23,24], which can be explained by the impact of inflammation and oxidative stress on
telomere shortening, which differs from one individual to the other [9]. Globally, telomere health is
determined throughout the lifespan by a combination of both genetic and non-genetic factors.
3. Telomere Regulation by Nutrition
Lifestyle factors such as an unhealthy diet, physical inactivity, or smoking habits have been
related to shorter leukocyte telomere length, a biomarker of the “biological age” of cells, as opposed
to the “chronological age” [25]. Some studies have reported an association between diet [26–30] or
consumption of specific foods [31] and leukocyte telomere length. To note, the rates of telomere
shortening are similar in leukocytes and somatic cells, so that telomere length in leukocytes is now
accepted to be representative of global telomere length in somatic cells [32].
3.1. Consumption of Specific Foods
Telomere length is positively associated with the consumption of legumes, nuts, seaweed, fruits,
and 100% fruit juice, dairy products, and coffee, whereas it is inversely associated with consumption
of alcohol, red meat, or processed meat [27,28,33,34]. Telomere attrition may represent a mechanism by
which large sugar intake accelerates cardiometabolic disease [35]. Several studies suggest that reducing
sugary beverage consumption could be associated with extended telomere length, independently of
other characteristics such as age, sex, or body mass index [26–28]. Those results indicate that leukocyte
telomere length maintenance may be sensitive to the metabolic effects of high sugar consumption over
time [26]. Leung et al. examined the associations between the consumption of sugar-sweetened
beverages (including soda, soft drinks, fruit-flavored drinks, sports drinks, and energy drinks),
diet soda, fruit juice, and leukocyte telomere length in 5309 adults aged 20–65 years from the
United States without any history of diabetes or cardiovascular disease [28]. After adjustment for
sociodemographic and health-related characteristics, the consumption of sugar-sweetened beverages
was associated with shorter telomeres, whereas the consumption of 100% fruit juice was associated
with a higher telomere length. No significant association was observed between consumption of
diet soda and telomere length [28]. As cross-sectional study may not be the most appropriate study
design to assess telomere length, more recently, the same group conducted a longitudinal study to
evaluate the associations between sugary foods and beverages and leukocyte telomere length in 65
overweight and obese pregnant women aged between 18 and 45 years. From ≤16 weeks gestation to
9 months postpartum, dietary intake was monitored using 24-h diet recalls and leukocyte telomere
length was measured by real-time quantitative polymerase chain reaction (qPCR). From the baseline to
9 months post-partum, a low consumption of sugar-sweetened beverages was associated with longer
leukocyte telomere length but no association was found between sugary foods and leukocyte telomere
length [26].
People who regularly eat beans and whole grains are frequently spotlighted for increased
longevity [36]. Boressen et al. (2016) tried to determine the feasibility of increasing navy beans
or rice bran intake in colorectal cancer survivors to increase dietary fiber. The authors hypothesized
that an increased amount of dietary fiber could positively regulate telomere length. Twenty-nine
volunteers participated to a randomized-controlled trial with foods that included cooked navy beans
powder (35 g/day), heat-stabilized rice bran (30 g/day), or no additional ingredient. The amount of
navy beans powder or heat-stabilized rice bran consumed represented 4–9% of daily caloric intake.
Over the intervention period of 4 weeks, no major gastrointestinal issues were reported and the dietary
fiber amounts increased in the navy beans and rice bran groups at weeks 2 and 4 compared to baseline
and the control group. At baseline, peripheral blood mononuclear cell (PBMC) telomere length was
positively correlated with high density lipoprotein (HDL)-cholesterol and negatively correlated with
lipopolysaccharide and age. Although a higher consumption of navy beans (35 g/day) or rice bran
(30 g/day), known to contain fiber, iron, zinc, thiamin, niacin, vitamin B6, folate, and alpha-tocopherol,
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did not influence PBMC telomere length after the short intervention period of 4 weeks [31], the effect
of a fiber-enriched diet on telomere length should be investigated in a healthy population over a longer
period of time. This may be highly relevant in the context of colorectal cancer known to be associated
with dysfunctional telomeres [37].
3.2. Diet Composition
While it is important to be aware of the effects of individual foods, it is even more critical to
assess the role of cumulative nutrients contained in specific diets on telomere length, which better
reflects reality. In 2015, Lee et al. compared the influence of the dietary pattern on leukocyte telomere
length [27]. Dietary data were collected from a semi-quantitative food frequency questionnaire at
baseline and leukocyte telomere length was assessed using qPCR 10 years later. A total of 1958
middle-aged and older Korean adults (40–69 years at baseline) were included in the study. The authors
identified two major dietary patterns: “the prudent dietary pattern” was characterized by a high
intake of whole grains, fish and seafood, legumes, vegetables, and seaweed, whereas the “western
dietary pattern” included a high intake of refined grain, red meat or processed meat, and sweetened
carbonated beverages. Using a multiple linear regression model adjusted for age, sex, body mass index,
and other potential confounding variables, the “prudent dietary pattern” was found to be positively
associated with leukocyte telomere length while an inverse trend was found in the “western dietary
pattern”. These results suggest that diet in the remote past, that is, 10 years earlier, may affect the
degree of biological aging in middle-aged and older adults [27].
One of the best models of healthy eating is the Mediterranean diet which is characterized by a
high intake of vegetables, legumes, nuts, fruits, and cereals (mainly unrefined); a moderate to high
intake of fish; a low intake of saturated lipids but high intake of unsaturated lipids, particularly olive
oil; a regular but moderate intake of alcohol, specifically wine [38]. This diet has been shown to prevent
age-associated telomere shortening [29,30,39] and has been associated with reduced mortality risk
in older people [40]. The possible mechanisms for the protective effect of the Mediterranean diet
on telomeres will be discussed in the next section. In 4676 healthy women (42–70 years), the higher
scores on the Mediterranean diet, evaluated by food frequency questionnaires, were associated with
longer leukocyte telomere length [30]. In the same study, no association between prudent or western
dietary patterns and telomere length was observed [30], while a prudent diet was previously found
to be positively and a western diet negatively associated with leukocyte telomere length in 1958
middle-aged and older women and men [27]. Similarly, in 217 men and women aged 71–87 years,
a greater adherence to a Mediterranean diet was associated with longer leukocyte telomere length and
higher PBMC telomerase activity [29]. However, a recent study in 679 Australian men and women
(57–68 years) found no association between diet quality and whole blood telomere length, including the
Mediterranean diet. In this study, the authors assessed the dietary intake by using a 111-item food
frequency questionnaire, which assessed self-reported intake of foods and beverages over the last 6
months, and the diet quality by three indices: the Dietary Guideline Index (DGI), the Recommended
Food Score (RFS), and the Mediterranean Diet Score (MDS) [41]. Whole blood telomere length did not
differ by age, smoking status, BMI, or physical activity but women had longer telomeres than men [41].
The discrepant results between studies could be explained by the use of different questionnaires to
assess the diet quality and/or the populations studied. Longitudinal studies may be more suitable to
determine the potential positive influence of diet on telomere health.
Of note, in animal models, calorie restriction has been shown to have a positive effect on
telomere length [42] and to globally delay the onset of aging and age-related disease such as diabetes,
cardiovascular diseases, various neurological disorders, cancer, and obesity [43,44], possibly via a
reduction in oxidative stress [45,46]. In humans, the data are less convincing, probably because
decreasing the caloric intake by a third or a half is very challenging in that population, certainly in
the long-term.
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Having presented which foods and diets were potentially beneficial for telomere health in general,
the next section will attempt to summarize the mechanisms involved in those effects.
3.3. Mechanisms
Unhealthy dietary habits have been linked to an inflammatory state, contributing to progressive
telomere attrition [47]. As unhealthy dietary habits increase the production of reactive oxygen
species (ROS), it is possible that the impact on telomere erosion goes through an increased oxidation
of telomeric DNA. Supporting this, is the observation that, because of their high content in
guanine residues, telomeric sequences are highly prone to oxidation into 8-oxoG, at least in in vitro
experiments [48]. When present at telomeres, 8-oxoG residues are likely decreasing the affinity
of shelterin proteins for telomeric DNA and are, as well, disrupting the G-quadruplex structures
of telomeres that play important roles at telomeres, like the regulation of telomerase activity [49].
Altogether, it is therefore possible that nutrients regulate telomere health by regulating oxidative
stress and systemic inflammation [50]. Globally, it can be hypothesized that any antioxidant or
anti-inflammatory diet could be protective for telomeres by slowing down telomeric shortening and
delay the aging process. The intake of nutrients having antioxidant and anti-inflammatory properties,
such as vitamin C or E, polyphenols, curcumin, or omega-3 fatty acid, has been associated with longer
telomeres, at least in mouse [51].
The positive effects of the Mediterranean diet on telomeres may be due to its antioxidant and
anti-inflammatory potential [52,53]. To understand whether the Mediterranean diet could prevent
endothelial cellular senescence by regulating oxidative stress, the serum of 20 elderly subjects
(age > 65 years; 10 men and 10 women) was collected before and after having randomly followed each
of the 3 following diets for 4 weeks: a Mediterranean diet, a saturated fatty acid diet and a low fat
and high carbohydrate diet [54]. Human endothelial cells incubated with the serum collected after
ingestion of the Mediterranean diet produced lower intracellular ROS, unavoidable byproducts of
aerobic metabolism, and the percentage of cells with telomere shortening was lower compared to
baseline and the two other intervention diets. The authors postulated that those findings were possibly
due to nutrients with antioxidant capacities included in the Mediterranean diet [54]. In 2015, a direct
association was found between the pro-inflammatory capacity of the diet and telomere shortening in a
population at high risk of cardiovascular disease. The diets with the higher pro-inflammatory scores
were associated with a higher risk of having shorter telomeres and a two-fold risk of accelerated
telomere shortening after a five-year follow-up period [47]. At a molecular level, exposure of
human leukemic cells to the pro-inflammatory factor tumor necrosis factor alpha (TNFα) induced
a senescence state, which was featured by prolonged growth arrest, increased beta-galactosidase
activity, cyclin-dependent kinase inhibitor 1 (p21) activation, decreased telomerase activity, telomeric
disturbances such as shortening, losses, and fusions, as well as additional chromosomal aberrations [55].
Those results indicate that TNFα alters telomere maintenance. Moreover, subjects with higher
adherence to Mediterranean diet had lower plasmatic level of C-reactive protein (CRP), interleukin
6 (IL-6), TNFα, and nitrotyrosine, all markers of inflammation and/or oxidative stress [29]. As high
levels of oxidative stress [56] and inflammation [57] are known to increase telomere attrition rate,
the Mediterranean diet may protect telomere maintenance by downregulating both processes.
While a healthy diet may have an overall positive influence on telomeres, it seems that the
benefit may be reduced in some individuals with specific genetic background [58]. For example,
the rs1800629 polymorphism at the TNFα gene has been shown to interact with the Mediterranean diet
to modify triglyceride metabolism and inflammation status in patients suffering from the metabolic
syndrome [58]. At baseline, the patients with the GG alleles had higher fasting and postprandial
triglyceride and higher sensitivity C-reactive protein plasma levels than the patients with the GA or
AA alleles. However, those differences between the polymorphisms observed at baseline disappeared
after having followed a Mediterranean diet for 12 months, suggesting that the GG carriers were highly
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sensitive to this specific diet. Globally, understanding the role of gene–diet interactions may be an
efficient strategy for personalized treatment of specific pathologies such as metabolic syndrome.
While some molecular mechanisms have already been highlighted, further research is needed to
better understand how different diets and specific foods regulate biological aging in order to develop
efficient nutritional strategies according to specific populations.
4. Telomere Regulation by Physical Activity
This section will deliberately present a positive view regarding the effects of physical activity
on telomere dynamics, but it should be kept in mind that about half of the studies dealing with
that topic found no association between physical activity and telomere length [13]. Obviously,
further investigation will be needed to determine why the different findings are such discrepant
from one study to the other. In addition, new analytical tools need to be developed to measure
telomere length more accurately as well as new biomarkers for assessing biological aging [13].
4.1. Dose-Response
The beneficial effect of physical activity on telomere length has been reviewed and discussed
by Denham et al. [59]. However, there is currently no clear consensus on the optimal exercise dose
to exert the most beneficial response on telomere health. The effect of 9 different modes of physical
activity, and thereby intensity levels, on leukocytes telomere length has been tested in US adults
(20–84 years, N = 6503) [60]. The only mode of physical activity displaying an association with
leukocyte telomere length was running, the most intense mode in that study. Another study used
the data of a subgroup of the previously mentioned cohort (N = 5883) and found a strong positive
association between the weekly amount of physical activity and telomere length in leukocytes [61].
However, a recent study indicated that moderate amounts of exercise are sufficient to protect telomere
health, while higher amounts may not elicit additional benefits [62]. In 2010, telomere length was
measured in skeletal muscle of 18 experienced middle-aged endurance runners versus 19 sedentary
subjects [63]. No difference between groups was found. However, telomere length in the muscle of
endurance athletes was inversely related to the number of years they spent running and the hours of
spent training, which indicated that high level of chronic endurance could accelerate telomere attrition
and thereby biological aging. More recently, leukocyte telomere length was determined in 61 young
elite athletes and 64 healthy inactive controls [64]. Even with their high intensity and training volume,
the young elite athlete had longer telomeres than their inactive peers. Finally, leukocyte telomere
length was 11% higher in ultra-marathon runners compared to 56 healthy subjects, matched for
age [65]. Altogether, these results suggest that high amounts of exercise may not reverse the beneficial
impact of exercise on telomere length but further investigation is needed to see whether tissue-specific
differences exist.
In humans, Diman et al. showed that a high intensity cycling exercise (75% VO2 peak) boosted
the transcription of skeletal muscle telomeres more than a moderate intensity exercise (50% VO2 peak)
of the same duration [66]. More details on the molecular mechanisms of this observation will be
reported in a following section. In conclusion, due to the paucity of data, it remains unclear which of
the intensity or the volume of each training session or the combination of both is crucial to induce the
beneficial effects exercise has on telomere maintenance.
4.2. Physical Activity and Telomerase Activity
While physical activity has been associated with longer telomere length and protection against
age-related telomere attrition [65,67–72], the mechanisms by which physical activity exerts its positive
effects on telomeres are still largely unknown. As TERT, the catalytic subunit of the telomerase
complex, is considered as the limiting factor for telomerase activity in human somatic cells, an increase
in telomerase activity after exercise could promote telomere elongation. Chilton et al. were the first to
look at the regulation of telomerase after one acute bout of exercise [73]. To that end, they investigated
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the acute exercise-induced response on telomeric-associated genes and microRNAs (miRNAs), i.e.,
small noncoding RNA molecules functioning in RNA silencing and post-transcriptionally regulating
gene expression by base pairing with messenger RNA (mRNA). Blood samples were taken in 22 healthy
young males before, immediately after, and 60 min after a 30-min bout of treadmill running at 80% VO2
peak. In white blood cells, both TERT and sirtuin-6 (SIRT6) mRNA levels were increased immediately
after exercise. Sixty minutes post-exercise, there was an upregulation of miR-186 and miR-96 expression,
two miRNA controlling the expression of genes involved in telomere homeostasis [73]. In addition,
telomeric repeat binding factor 2, interacting protein (TERF2IP) was identified as a potential binding
target for miR-186 and miR-96 and demonstrated concomitant downregulation with the upregulation
of those 2 miRNA at 60 min post-ex. TERF2IP is part of the shelterin complex and is recruited to
telomeres via interaction with TRF2 [74]. TERF2IP deletion reduces telomere stability and increases
telomere recombination [75]. However, TERF2IP/RAP1 has been found to be both a negative [76]
and a positive regulator of telomere length [74]. Interestingly, TERF2IP/RAP1 is also known to
play additional telomere-unrelated functions through the binding to extra-telomeric sites in the
genome. Several regulatory functions have been attributed to the binding of TERF2IP/RAP1 outside
telomeres, including the modulation of the nuclear factor-kappa B (NF-kB)-dependent pathway [77].
Whether the non-telomeric functions of TERF2IP/RAP1 play any role after exercise however warrants
further investigation.
A very recent study tested whether an acute bout of exercise would induce a different
response on telomerase activity in older vs. young individuals and whether this response would
be gender-specific [78]. To test this hypothesis, age- and gender-related differences in telomerase and
shelterin responses at 30, 60, and 90 min after a high intensity interval cycling exercise were determined
in PBMC of 11 young (22 years) and 8 older (60 years) men and women. A larger increase in telomerase
activity, as assessed by TERT mRNA levels, was found in the young compared to the older group
after exercise [78]. The second main finding of that study was the higher TERT response to the acute
endurance exercise in men compared to women, in whom the response was negligible, independently
of age. Those results showed that aging is associated with reduced telomerase activation in response
to high-intensity cycling exercise in men [78]. Another study showed that a 30-min treadmill running
session was long enough to increase PBMC telomerase activity in 22 young healthy subjects including
11 women and 11 men [79]. Altogether, those recent studies confirm that the increasing telomerase
activity after a single bout of exercise could be one of the mechanisms by which physical activity
protects against aging [73,78,79].
Nevertheless, the increase in telomerase activity seems transient after acute exercise. The effect of
a whole training program on telomerase activity and telomere length was investigated in 68 female and
male caregivers, a population known to cope with chronic high stress, physical inactivity, and dealing
with a high risk of disease [80]. Half of the subjects followed an endurance training program consisting
in 40 min of aerobic exercise 3–5 times per week, while the other half remained inactive for 24 weeks.
In aerobic trained caregivers, the leukocyte telomere length was lengthened after training while
the telomere length was slightly shortened in the inactive group, as would be expected over a six
month-period. However, no change in PBMC telomerase activity after the intervention was observed
in either group [80]. Together with the findings from the acute exercise studies, it can be hypothesized
that exercise-induced higher telomerase activity in PBMC may be a transient mechanism returning
to basal level several hours after a single bout of exercise, though the exact kinetics still needs to be
determined. In addition, telomerase is not active in all cell types, which implies that other mechanisms
contribute to the exercise-induced beneficial effects on telomere length and integrity in those cells.
4.3. Physical Activity and Oxidative Stress
It is well established that moderate and regular physical activity is able to reduce the effect of aging
by alleviating oxidative stress level [81]. Recently, an inverse relationship between the aerobic capacity
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and oxidative stress biomarkers in the blood was found in older Mexican adults [82]. Moreover, several
studies indicate that oxidative stress accelerates telomere attrition [83–85].
Mechanistically, exercise transiently upregulates ROS production, which is counteracted by
an antioxidant exercise-induced systemic adaptation response to protect the cells against oxidative
damage [86,87]. This antioxidant response can be explained by the hormesis concept, namely that low
levels of stress stimulate existing cellular and molecular pathways that improve the capacity of cells and
organisms to withstand subsequent greater stress [88]. The antioxidant response leads to the activation
of redox-sensitive transcription factors such as NF-kB, activator-protein 1 (AP-1) [89], and co-factors
such as peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) [81,90]. As a
metabolic energy deprivation sensor, AMP-activated protein kinase (AMPK) is activated by exercise
and triggers PGC-1α transcription and activation by allowing its nuclear translocation [91]. Once in the
nucleus, PGC-1α induces the transcription of nuclear respiratory factor 1 (NRF1), an antioxidant factor.
By activating the PGC-1α redox signaling pathway, exercise stimulates mitochondrial biogenesis and
ameliorates the age-related decline in mitochondrial oxidative capacity [90].
4.4. Physical Activity and Regulation of TERRA
Mature muscle cells are one example of cells in which telomerase is not active and despite the
absence of telomerase activity, physical activity has been shown to influence positively telomere length
in skeletal muscle [92]. In the search of additional mechanisms, telomeric repeat containing RNAs,
dubbed TERRA, have emerged as particularly interesting targets. For a long time, telomeres have
been considered transcriptionally silent. Yet it turns out that telomeres are transcribed into TERRA
molecules [93]. Located in the nucleus, TERRA are non-coding RNAs whose transcription is initiated
from subtelomeric promoters. They consist of subtelomeric-derived sequences and G-rich telomeric
repeats [93,94]. Once transcribed, TERRA remain partly associated with telomeres to play crucial
functions, including telomere protection [95]. Diman et al. identified NFR1 as an important regulator
of human telomere transcription in cultured cells. In addition to NRF1, PGC-1α as well as AMPK
were found to be important molecular intermediates in the transcription of telomeres. As AMPK can
be activated by high-intensity or long-lasting endurance exercise, it was tested in vivo whether an
acute endurance exercise bout could upregulate telomere transcription in human skeletal muscles.
Ten healthy young volunteers were submitted to a cycling endurance exercise of either low or
high intensity and three muscle biopsies were taken before, directly after, and 2 h 30 min after
exercise. Phosphorylation of acetyl-Coa carboxylase (ACC), a bona fide marker of AMPK activation,
was induced after exercise, especially in the high intensity group. The same pattern of activation
was found for the translocation of PGC-1α to the nucleus and for TERRA induction. As telomere
transcription is activated by NRF1, an antioxidant factor, the upregulation of TERRA may be part of the
antioxidant response that skeletal muscles set up to counteract exercise-induced ROS production [86].
Moreover, as they consist of a high content in guanine residues prone to oxidation, TERRA may
possibly shield TTAGGG telomeric repeats from ROS [66]. Together, those results suggest that an
acute bout of endurance exercise is sufficient to induce telomere transcription that, on a longer term,
could possibly provide a mechanism for TERRA renewal and telomere protection in skeletal muscle.
5. Conclusions
Nowadays, the aging of the world population has major social and economic implications.
Today more than ever, highlighting strategies to counteract age-related diseases is a major public
health concern. In this review, we explored data from recently published studies looking at the
influence of lifestyle variables such as nutrition and physical activity on one of the most important
hallmarks of aging: the telomere.
Most studies indicate an important role of diet on the degree of biological aging. Indeed, a healthy
diet characterized by a high intake of dietary fiber and unsaturated lipids exerts a protective role on
telomere health, whereas high consumption of sugar and saturated lipids accelerates telomere attrition.
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Those effects are likely to be globally mediated by oxidative stress and inflammation, as antioxidant
and anti-inflammatory properties of nutrients are associated with longer telomeres. Physical activity
may protect telomeres but more research is needed to establish a consensus on the optimal exercise
dose (Figure 2). The beneficial effects of physical activity on telomeres could be driven by an increase
in telomerase activity following an acute bout of exercise in PBMC, an alleviation of oxidative stress
and a TERRA renewal in skeletal muscle. Further investigations are needed to study the other possible

















Figure 2. Potential influence of physical activity and nutrition on telomere health.
We propose that engaging in a healthy diet and regular physical activity could be both promising
strategies to protect telomere maintenance and improve health span at old age. However, more research
on the molecular based mechanisms is required.
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